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Abstract

Modern video compression is implemented in complex software systems that reuse soft-
ware modules from various sources. This is particularly evident in experimental software
systems designed for researching and standardizing new compression technologies. These
systems often incorporate software modules operating in different color spaces. For exam-
ple, AI-based techniques are often used in video coding experiments. The corresponding
software modules often operate on RGB representations, while other modules operate on
YCBCR components. In this study, we demonstrate that the quality loss resulting from color
transformations is comparable to the respective quantization noise. Consecutive cycles of
color transformations do not result in significant additional degradation. However, for im-
age compression, very different results are obtained in different color representations. This
aspect must be carefully considered in compression research. This paper supports these
considerations with extensive experimental results in the context of ITU Recommendations
BT.709 and BT.2020, as well as AVC and HEVC compression.

Keywords: color space; RGB; luma and chroma; video coding; compression efficiency;
machine vision; neural network; artificial intelligence

1. Introduction
Visual data is expressed in various color spaces, which are chosen according to the field

of application and the respective traditions of the community. The multitude of color coordi-
nate systems constitutes a field of study in itself [1–6]. Individual color coordinate systems
have been designed and developed for various applications. For instance, RGB representa-
tions are commonly used in cameras and displays, whereas YCBCR color representations,
i.e., luma and chroma, are commonly used for transmission and compression. The problem
becomes even more complex when considering the numerous variants of RGB and YCBCR

color spaces corresponding to various technological stages of development [1–7].
Recently, the clear distinction between the application areas of RGB and YCBCR has

become blurred (e.g., [8]). However, this issue is often not carefully considered. It does not
cause problems when the entire processing path is based on a single color space. When
video processing uses different color representations, potential quality losses must be
considered. However, color spaces are often treated as a secondary topic even among
practicing experts, which means their impact may not always receive sufficient attention.

This aforementioned observation is also related to research on image and video com-
pression. The problem has become even more pronounced due to the use of various
software programs that operate on video represented in different color spaces. Often,
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the machine vision and artificial intelligence software modules operate in the RGB color
space, whereas the classic video coding modules operate in the YCBCR transmission color
space [9–11]. This practical approach stems from the availability of various software
modules and is often used by video expert groups when developing test model software
(e.g., [12–15]). This modus operandi requires:

1. Attention to the variants of RGB and YCBCR color spaces, versions of opto-electric
and electro-optical transfer functions, and the use of proper transformations between
the selected versions of RGB and YCBCR color spaces (e.g., [7,16–18]);

2. Attention to sample encoding range (e.g., [7]);
3. Video quality losses due to color transformations need to be taken into account.

This paper focuses primarily on the third problem. Its relevance has recently in-
creased due to the development of hybrid video compression methods that combine classic
compression techniques with artificial intelligence (AI)-based methods [19–23]. The re-
search, testing, and implementation of these methods are inevitably related to software,
in which modules operating on RGB representations are linked to modules operating on
YCBCR representations.

The aforementioned problem is important for evaluating the results of video compres-
sion. This task is especially important in the research of improved compression methods
coordinated by international expert groups such as the Joint Video Experts Team (JVET),
the Moving Picture Experts Group (MPEG), the Video Coding Experts Group (VCEG),
and the Moving Picture, Audio and Data Coding by Artificial Intelligence (MPAI). These
groups primarily use ablation studies to test newly proposed compression tools. They
use software called a “test model” that corresponds to the current state of research. First,
a new tool is tested individually by embedding it into the test model. The compression
performance of the extended test model is assessed by measuring the bitrate change versus
the quality change in the decoded video. For most of the tested tools, the quality change
perceived by humans is so small that a reliable MOS (Mean Opinion Score) estimation is
difficult [24]. Considering other issues with subjective quality assessment, such as com-
plexity, slowness, and cost, a practical approach is to use simple quality metrics, even
though they poorly approximate subjective quality assessment by humans. These metrics
include PSNR [24], SSIM [25], VQM [26], and VMAF [27]. Due to its simplicity, PSNR (Peak
Signal-to-Noise Ratio) is the most frequently used and reported metric. Therefore, it is also
used in this paper.

Another important issue is that solutions that differ by small margins in MOS or
PSNR are often compared. Consequently, relatively minor quality losses due to color
transformations can significantly affect the results of comparisons and the conclusions
drawn from experiments. This paper discusses errors resulting from color transformations
to address this issue.

In video compression research, test images and video clips are used for experimenta-
tion. Expert groups carefully select these test pictures from high-quality images and video
clips of diverse content types. Even these high-quality pictures contain noise generated
during the photoelectric transformation or quantization processes [7,28]. It has been found
that a certain level of noise may be important for viewers to perceive good picture quality
(e.g., [29,30]).

High-quality test images and video clips with a low level of noise are used as references
in compression experiments, particularly in image and video quality assessments.

2. State-of-the-Art
Color transformations from RGB to transmission color coordinates (i.e., luma and

chroma) partially decorrelate the RGB components (e.g., [7]). These color transformations
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improve compression efficiency and are standard engineering practice for color image
and video transmission and storage. Rather than coding images in RGB, compression is
implemented in the transmission YCBCR representation, i.e., using luma Y, chroma CB,
and chroma CR [7,16–18]. The transformations in the decoder (YCBCR → RGB) must be
the inverse of those in the encoder (RGB → YCBCR). Therefore, these transformations
are carefully standardized for communication applications. There exist several standards
that define RGB → YCBCR and YCBCR → RGB transformations. For digital video, it is
common to use international standards defined for digital television, i.e., standards for
standard-definition (SD) television [16], high-definition (HD) television [17], and ultra-
high-definition (UHD) television [18]. The latter is also designed for High Dynamic Range
and Wide Color Gamut video [6].

The aforementioned color transformations are linear in the sense that the output
sample values are calculated as weighted sums of the input sample values [7]. Nevertheless,
both the input and output samples have relatively short binary representations: 8 bits for
standard dynamic range and 10 to 12 bits for high dynamic range. Good engineering
practice dictates using a longer sample representation for internal processing and rounding
the sample values before transmission or storage. This also applies to color transformations.
This results in color transformations causing additional errors due to rounding sums of
products. The properties of rounding noise are discussed elsewhere and will not be covered
in detail here. It is sufficient to note that rounding noise exhibits uniform probability
distribution [28]. Additional distortion caused by color transformations includes clipping
sample values at the edges of the sample value interval, but this phenomenon usually has
less influence on video quality.

Therefore, it should be noted that errors are introduced into the sample values during
a full cycle of color transformation (RGB → YCBCR → RGB). Similar effects are observed
for various RGB and YCBCR color space variants [7].

The impact of color transformations on image quality has been extensively researched
in the context of lossless and nearly lossless image coding.

Special reversible color transformations have been proposed for lossless image com-
pression [31–34]. However, such transformations are not currently used for practical video
processing and coding. Furthermore, the conditions for a reversible color transformation
have been outlined in [34,35].

Some special transformations have also been proposed for nearly lossless image
compression [35]. Nevertheless, the standard color transformations RGB → YCBCR and
YCBCR → RGB, like in [16,17], have been studied for nearly lossless image compression as
well [36–40].

In [36,37,40], the problem of errors in multiple cycles of color transformation and
compression was considered theoretically and experimentally. It was shown that rounding
errors do not accumulate significantly in consecutive cycles of color transformations defined
by ITU Rec. BT.601 [16]. Furthermore, even consecutive cycles consisting of RGB to YCBCR

transformation, lossy JPEG or JPEG 2000 compression and decompression, and YCBCR to
RGB inverse transformation do not exhibit significant error accumulation, i.e., the change
in RGB sample values in the second and third cycles is negligible [40]. Nowadays, the
results for ITU Rec. BT.601 color transformation are less important.

For a long time, the problem of rounding errors due to color transformations was not
an important topic for lossy image and video compression because YCBCR representations
are mostly produced in cameras, and RGB representations are retrieved in displays after
decompression. However, the situation changed quite recently, perhaps after 2020. In
particular, video compression research and development uses both classic compression
software that processes YCBCR representations and artificial intelligence software that
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predominantly works on RGB representations. These software modules are usually very
complex; therefore, in research, they are used as they are. However, in future commercial
applications, they will likely be optimized. Thus, the question arises as to the trustworthi-
ness of research results obtained using test software that includes both RGB and YCBCR

processing modules.

3. Color Transformations and Corresponding Rounding Errors
The chroma components CB and CR are typically downsampled by a factor of two

in both horizontal and vertical directions. When the luma sampling density remains un-
changed, this chroma subsampling scheme is referred to as 4:2:0 format. The rationale
behind this chroma subsampling is that the chroma components occupy a significantly nar-
rower band of spatial frequencies than the luma component [7]. Consequently, conversion
to the 4:2:0 format is a minor source of error for Standard Definition (SD), High Definition
(HD), and Ultra High Definition (UHD) television and movie content, respectively. 8

Moreover, in recent video compression research using mixed RGB and YCBCR repre-
sentations, chroma subsampling is often not employed.

For this reason, considerations on chroma subsampling may be omitted from this
paper for the sake of concision.

Additionally, it should be noted that the R, G, and B components are calculated after
applying a nonlinear opto-electric transfer function, also known as an opto-electronic trans-
fer function [3–7]. The standard notation uses primed variables (R’, G’, B’) to emphasize
this, where the primes denote that the numerical values are obtained using a nonlinear
opto-electric transfer function. Opto-electric transfer functions are standardized, and the
reciprocal electro-optical transfer functions are used for displays. Good examples of opto-
electric and electro-optical transfer functions are those defined in ITU Recommendations
BT.601 [16], BT.709 [17] and BT.2020 [18]. In fact, these three functions are very similar to
each other. The three recommendations differ primarily in their definitions of the primaries
and the allowed signal intervals. Proper transfer functions must be used in a display to
display colors properly.

Opto-electric transfer functions are mostly implemented in video cameras, whereas
the reciprocal electro-optical transfer function is implemented in displays. Therefore the
considerations of the opto-electric and electro-optical functions may be omitted from
this paper.

Let consider the color transformation

Y = TX, (1)

where

X =

R′

G′

B′

, Y =

 Y
CB

CR

, (2)

T =

t11 t12 t13

t21 t22 t23

t31 t32 t33

, (3)

R’, G’, B’ components are those after opto-electric transfer function or before the electro-
optical transfer function is applied [3,4,7].

The inverse transform
X̂ = SY = T−1Y, (4)

https://doi.org/10.3390/info17040366

https://doi.org/10.3390/info17040366


Information 2026, 17, 366 5 of 24

where X̂ is an approximation of X,

S = T−1=

s11 s12 s13

s21 s22 s23

s31 s32 s33

. (5)

Assume that the sample values of R’G’B’ and YCBCR are all integers. Since the matrix
elements [tij] and [sij] are real, rounding is necessary after both color transformations.

Currently, we are assuming that the R’G’B’ and YCBCR sample value intervals are
infinite. This theoretical assumption implies that clipping is unnecessary after rounding.

In [35,36,40], the sufficient condition for a reversible color transformation is provided

|s11|+ |s12|+ |s13| < 1,
|s21|+ |s22|+ |s23| < 1,
|s31|+ |s32|+ |s33| < 1.

(6)

After a single cycle of transformations R’G’B’ → YCBCR → R’G’B’ the sample errors
are bounded by

LR = round[(|s11|+ |s12|+ |s13|)/2],
LG = round[(|s21|+ |s22|+ |s23|)/2],
LB = round[(|s31|+ |s32|+ |s33|)/2],

(7)

where LR, LG, LB are the error bounds for values of R, G, B samples, respectively [37].∣∣∣R′ − R̂′
∣∣∣ ≤ LR,

∣∣∣G′ − Ĝ′
∣∣∣ ≤ LG,

∣∣B′ − B̂′
∣∣ ≤ LRB. (8)

Furthermore, proofs are provided in [35–37,40] that the condition

|t11|+ |t12|+ |t13| ≤ 1,
|t21|+ |t22|+ |t23| ≤ 1,
|t31|+ |t32|+ |t33| ≤ 1.

(9)

yields that after the first cycle of color transformations R’G’B’ → YCBCR → R’G’B’, round-
ing errors do not influence the output R’G’B’ sample values in the consecutive color
transformation cycles.

4. Color Transformations According to Recommendation BT.709
Nowadays, the most common color transformation is probably that defined by ITU

Recommendation BT.709 [17].
The R’, G’, B’ and Y, CB, CR component samples are encoded as unsigned integers

with either 8 or 10 bits. The results concerning noise generated by color transformations
are similar for 8-bit and 10-bit representations, though the level of noise is reduced by
about 12 dB for 10-bit representations [28]. For the sake of simplicity, in this section, further
considerations will focus on 8-bit sample representations, though the results can easily be
adapted to 10-bit sample encoding. Similar reasoning for 10-bit representation is included
in Section 5.

In 8-bit representations, the values CB = CR = 128 correspond to gray levels character-
ized by Y. The maximum values of CB or CR correspond to blue or red, respectively. The
minimum values of CB and CR correspond to yellow and cyan, respectively. There are two
versions of the Y, CB, and CR sample encoding range in use [7,17]:
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1. “Full-Swing”: The R’, G’, B’, and Y, CB, CR samples are represented in the interval
‹0,255›. According to the notation in [7], we will use 255T and 255S for the color
transformation matrices. Y

CB − 128
CR − 128

 = 255T

R′

G′

B′

,

R′

G′

B′

 = 255S

 Y
CB − 128
CR − 128

. (10)

2. “Television Range”: The 8-bit sample representations of R’, G’, B’ are in the interval
‹0,255›. Luma Y has representations in the interval ‹16,235› whereas chroma values are
in the interval of ‹16, 240›. According to the notation in [7], we will use 219T and 219S
for the color transformation matrices.

 Y − 16
CB − 128
CR − 128

 = 219T

R′

G′

B′


R′

G′

B′

 = 219S

 Y − 16
CB − 128
CR − 128

. (11)

The transformation matrices are the following:

255T =

 0.2126 0.7152 0.0722
−0.1146 −0.3854 0.5000
0.5000 −0.4542 −0.0458

 , 255S =

1 0 1.5748
1 −0.187324 −0.468124
1 1.8556 0

, (12)

219T =
1

256

 46.742 157.243 15.874
−25.765 −86.674 112.439
112.439 −102.129 −10.310

 , 219S =
1

256

298.082 0 458.942
298.082 −54.592 −136.425
298.082 540.775 0

. (13)

The properties of the R’G’B’ → YCBCR → R’G’B’ color transformations are listed in
Table 1. These are theoretical properties, as they do not consider the effects of clipping at
the edges of the intervals for sample values.

Table 1. Theoretical properties of the BT.709: R’G’B’ → YCBCR → R’G’B’ color transformations.

Feature “Full-Swing”: 255T, 255S “Television-Range”: 219T, 219S

Reversibility (6) No No
Error bounds
LR, LG, LB (7) LR = 1, LG = 1, LB = 1 LR = 1, LG = 1, LB = 2

No error accumulation (9) Borderline Yes

The properties listed in Table 1 for BT.709 are very similar to those of BT.601 [35,37,40].
Similar reasonings for the BT.709 YCBCR → R’G’B’ → YCBCR transformations and

for all R’, G’, B’, and Y, CB, CR samples in the ‹0,255› interval (“full-swing”) lead to the
conclusion that the transformation is borderline reversible.

5. Color Transformations According to Recommendation BT.2020
ITU Recommendation BT.2020 [18] defines the R’G’B’ and YCBCR color spaces accord-

ing to the needs of modern Ultra High Definition Television (UHDTV), which provides
a high dynamic range of luma and a wide color gamut [41]. Such systems require an
extended range of sample values. ITU Recommendation BT.2020 provides definitions of
primaries and color transformation formulas. This standard is intended for 10- and 12-bit
representations, in which sample values are encoded as unsigned integers. For the sake of
simplicity, this text focuses on 10-bit sample representations, though the results can easily
be adapted to 12-bit sample encoding.
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Similarly, as for 8-bit representations, two versions of the Y, CB, and CR sample
encoding ranges are in use [7,17]:

1. “Full-Swing”: The R’, G’, B’, and Y, CB, CR samples are represented in the interval ‹0,1023›.
2. “Television Range”: The 10-bit sample representations of R’, G’, B’ are in the interval ‹0,1023›.

Luma Y and chroma CB, CR signals have representations in the interval of ‹64, 960›.

For both sample encoding ranges and 10-bit sample representations, the values
CB = CR = 512 correspond to gray levels characterized by Y values.

The respective color transformations use formulas similar to those in Section 4. For
10-bit representations, for instance, the transformation matrix 1023S that corresponds to

255S from Section 4.

1023S =

1 0 1.5746
1 −0.16455 −0.5713
1 1.8814 0

 . (14)

Assuming theoretically that no clipping occurs at the edges of the sample value
intervals, Equation (7) yields the bounds for sample errors LR = 1, LG = 1, LB = 1 when the
full range of sample values, ‹0,1023›, is used, similar to the BT.709 transformation.

6. Experimental Estimation of Video Quality Deterioration Due to
Color Transformations

The goal of these experiments is to understand color transformation errors in practical
environments, such as when clipping occurs at the edges of the permitted intervals.

In these experiments, color transformations are implemented using floating-point
arithmetic, and the results are rounded to 8-bit or 10-bit integers using the rule as follows:

round (x) = ⌊x + 0.5⌋, (15)

where ⌊y⌋ denotes the greatest integer not exceeding y. Because color transformations
use floating-point arithmetic, the selection of the definition of rounding has negligible
influence on the results. For multiplications of color components by a selected factor, the
way of processing is the same. Video codecs already produce integer sample values with
the requested number of bits in sample representations. Therefore, all input, output and
intermediate data between color transformations, the encoder and decoder are integers.

To address the topic cross-sectionally, the experiments were conducted in two scenarios:

• Scenario A: Color transformations according to ITU Recommendation BT.709 with 8-bit
sample encoding. Experiments were conducted for still images and AVC compression
when appropriate.

• Scenario B: Color transformations according to ITU Recommendation BT.2020 with
10-bit sample encoding. Experiments were conducted for 64-frame video clips and
HEVC compression when appropriate.

6.1. Scenario A of the Experiments

The typical approach to estimating color properties in video involves analyzing key
frames [4–7,42,43]. To obtain representative results, images with diverse content and color
characteristics should be used. One recognized image database is the Kodak Lossless
True Color Image Suite, which provides images with 8-bit sample encoding in the R’G’B’
color space [44]. Thus, the experiments were conducted using colorful still images I01-I25
obtained from the TID2013 database [45,46]. The TID2013 database provides access to the
Kodak Suite.

For this type of research, image size does not affect the results, provided the image is
large enough. Thus, we accept moderate image sizes of 512 × 384 or 384 × 512, as with the
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aforementioned image database. Each image contains 196,608 samples of each component,
which is a sufficient number to represent color transformation statistics. The rationale for
using 4:4:4 data is explained at the beginning of Section 3.

The experiments were performed for the BT.709 color transformation [7,17]. Previ-
ously [36,37,40], the BT.601 transformations were investigated, and the results were very
similar. Therefore, there is no need to explain those results here.

The AVC codec [47,48] was used in its FFmpeg implementation [49] and configured for
Intra mode with 4:4:4 data (High 4:4:4 Profile [47]), i.e., no chroma subsampling was used.
All input and output color component samples have 8-bit representations. In this FFmpeg
codec the Constant Rate Factor is set to 25. The FFMPEG configuration was as follows:

ffmpeg.exe -y -pix_fmt yuv444p -s 512×384 -i input_file.yuv -c:v libx264
-profile:v high444 -crf 25 out.

One might also wonder why only Intra mode was configured for the video codec. This
is due to the static nature of color transformations. Temporal relations are unimportant
for the provided analysis. Thus, the experiments are simplified to still images and Intra
mode. The simplicity of the experiments ensures high reproducibility of the results without
compromising the strength of validation.

Since color transformations cause moderate and consistent quality degradation across
various experiments, the peak signal-to-noise ratio (PSNR) can be used to evaluate image
quality, as discussed in Section 1. Additionally, image and video processing and compres-
sion software primarily report quality based on PSNR. Therefore, this paper uses PSNR
values to evaluate image quality.

Most of the numerical results presented for Scenario A in this section and in
Appendices A, B, and C come from the JVET document [50]. The authors hold the copy-
right for this document.

6.2. Scenario B of the Experiments

In this scenario, the experiments are repeated but using test video sequences with
10-bit sample encoding and HEVC compression [51,52].

For the experiments, 8 test video clips with 10-bit representation of the R′, G’, and
B′ components were selected from the set of test video sequences proposed by the Joint
Collaborative Team on Video Coding (JCT-VC) for research on HEVC with range exten-
sions [53,54]. For each video clip, 64 first frames are selected from the original sequences
described in [53] and Table 2.

Table 2. Test video R’G’B’ sequences used in experiments for Scenario B.

Name of the Test Video Sequence Frame Rate [Hz] Frame Size

Traffic 30 2560 × 1600
ParkScene 24 1920 × 1080
OldTownCross 50 1920 × 1080
Kimono1 24 1920 × 1080
EBURainFruits 50 1920 × 1080
EBULupoCandlelight 50 1920 × 1080
DucksAndLegs 60 1920 × 1080
BirdsInCage 60 1920 × 1080

The HEVC codec [51,52] was used in its FFmpeg implementation [49] in the Main
4:4:4 10 profile and Main tier. All input and output color component samples have 10-bit
representations. The Constant Rate Factor is set to 25 in the FFmpeg codec. The FFmpeg
configuration was as follows:
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ffmpeg.exe -y -pix_fmt yuv444p10le -s width × height -i input_file.yuv -c:v
libx265 -crf 25.

The Group of Pictures (GOP) structure was as follows: IBBBBPBBBBPBBBBP. . .PBBP.
It consisted of all 64 frames because we mainly tested predictive coding as intra-frame
coding was tested in Scenario A.

6.3. One or Two Cycles of Color Transformation

Figure 1 depicts the scenario involving two R’G’B’ → YCBCR → R’G’B’ cycles. After
each R’G’B’ → YCBCR or YCBCR → R’G’B’ transformation, the sample values are rounded
to 8-bit integers in Scenario A, and to 10-bit integers for Scenario B.

Figure 1. Two cycles of the color transformations R’G’B’ → YCBCR → R’G’B’.

The experiments in this section correspond to a situation in which a software module
performs a color transformation without modifying a video frame or a part of a still image.

The PSNR values are calculated using the original input images as the references.
Table 3 provides the average PSNR values after one or two cycles, and Tables A1–A4 in
Appendix A show the detailed results for individual test images or test video sequences.

Table 3. The average PSNR [dB] after one or two cycles of R’G’B’ → YCBCR → R’G’B’ transformation.
No compression is involved.

First Cycle Second Cycle
R’ G’ B’ R’ G’ B’

Scenario A
(8-bit

samples)

Full range
“Full-swing” 52.39 57.30 51.56 52.39 57.30 51.56

“Television range” 51.63 55.31 50.87 51.63 55.31 50.85

Scenario B
(10-bit

samples)

Full range
“Full-swing” 64.48 68.77 63.46 64.48 68.77 63.46

“Television range” 62.80 65.15 61.81 62.79 65.15 61.80

The average PSNR values (Table 3) are calculated for each component using either
4,915,200 or 1,191,116,800 samples, depending on the scenario. The large numbers of
samples assure reliable estimation of averages. The PSNR values for the green component
are 2–5 dB higher than those for the red or blue components.

The PSNR values after the first cycle are lower than the anticipated values for 8-bit
quantization. For the second quantization cycle, however, the loss of PSNR is negligible, not
exceeding 0.02 dB. This finding aligns with the transformation property stated in Section 4,
Equation (7). As expected, the PSNR values for 10-bit representations are approximately
12 dB higher than the corresponding values for 8-bit representations. For the “television
range,” however, this difference is slightly lower. For this sample coding interval, the
PSNR values are approximately 0.8–2.0 dB lower than for full-range sample encoding for
both scenarios.
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For R′, G′, B′ components, for the entire sets of test images or video clips, the total
histograms of errors are provided in Table 4. The histograms for individual test images and
selected test video sequences are in Appendix A: Tables A5 and A6.

Table 4. R’, G’, B’ error histograms (in thousands) for all images or sequences after one or two cycles
of R’G’B’ → YCBCR → R’G’B’ transformation.

Component First Cycle Second Cycle
−2 −1 0 1 2 −2 −1 0 1 2

Sc
en

ar
io

A

Full range
“Full-swing”

R’ 0 918 3059 938 0 0 918 3058 939 0
G’ 0 274 4315 326 0 0 274 4315 326 0
B’ 0 1054 2673 1189 0 0 1054 2672 1189 0

“Television range”
R’ 0 1072 2715 1128 0 0 1072 2715 1129 3
G’ 0 474 3972 470 0 0 474 3971 470 0
B’ 18 1250 2392 1240 15 18 1251 2382 1249 15

Sc
en

ar
io

B

Full range
“Full-swing”

R’ 0 3469 11,662 3480 0 0 3469 11,662 3480 0
G’ 0 1286 16,051 1274 0 0 1286 16,051 1274 0
B’ 0 4385 9817 4410 0 0 4385 9817 4410 0

“Television range”
R’ 0 4034 10,537 4040 0 0 4034 10,537 4040 0
G’ 0 2092 14,423 2097 0 0 2092 14,423 2097 0
B’ 94 4864 8690 4871 92 94 4864 8690 4871 92

The histograms align with the R′, G’, and B′ error limits in Table 1. Note that the
theoretical error limits from Sections 4 and 5 were obtained under the assumption that no
clipping occurs for sample values. In real video clipping may occur but sample values
rarely exhibit extreme values. In particular, chroma samples mostly describe pixels with
low saturation. These features reduce the probability of sample value slipping. Thus, the
theoretical limits from Table 1 often apply.

6.4. Two Transformation Cycles with Small Modifications of Video Data in
Transmission Representation

In this section, we consider Scenario A only, i.e., 8-bit samples and color transformations
according to ITU Recommendation BT.709. These experiments involve no compression.

The scenario is depicted in Figure 2, where two cycles R’G’B’ → YCBCR → R’G’B’ are
shown. Unlike the previous scenario from Figure 1, the YCBCR values are modified and
rounded in each cycle. These two modifications are the inverse arithmetic operations. After
each R’G’B’ → YCBCR or YCBCR → R’G’B’ transformation the sample values are rounded
to 8-bit integers.

Figure 2. Two cycles of the color transformations RGB → YCBCR → RGB where the YCBCR samples
are multiplied by a constant factor of 0.9 in the first cycle and by 1/0.9 in the second cycle.

This experiment demonstrates the changes in image quality due to modifications of
intermediate sample values.

The detailed results for individual test images are shown in Tables A7 and A8
in Appendix B.

The values of PSNR are lower by several decibels compared to the results from
Section 6.3 because the sample values are modified by a factor of 0.9. In the second cycle,
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multiplying by the factor 1/0.9 does not result in higher PSNR values. In the second cycle,
the PSNR values are lower than in the first cycle by less than 0.05 dB.

6.5. Two Transformation Cycles with AVC or HEVC Compression of Luma and Chromas

This experiment demonstrates the loss of compression performance due to additional
color transformation.

The scenario considered is depicted in Figure 3 where a single cycle R’G’B’ → YCBCR

→ R’G’B’ is shown. Unlike the previous scenario from Figure 1, the YCBCR values are
modified by encoding and decoding. After the R’G’B’ → YCBCR or YCBCR → R’G’B’
transformations, the sample values are rounded to 8-bit integers or to 10-bit integers
depending on the scenario A and B, respectively.

Figure 3. A cycle of the color transformations RGB → YCBCR → RGB where the YCBCR samples
are encoded and then decoded by an AVC or HEVC codec. The rounding at the output of the video
decoder is mentioned in this picture.

For each image and for each color component, two different PSNR values are calcu-
lated, as depicted in Figure 3:

(1) PSNR of the decoder output with the decoder input as the reference (PSNR Y,CB,CR),
(2) PSNR of the output R’G’B’ image with the input R’G’B’ image as the reference

(PSNR R,G,B).

The two groups of PSNR values represent compression efficiency for two color spaces.
This corresponds to a popular scenario in contemporary research. Often, a piece of

compression software with input and output in YCBCR is embedded in artificial intelligence
software or used to compress R’G’B’ test images. This example illustrates how compression
efficiency is differently reported in various color spaces.

The average values of PSNR for R’G’B’ and YCBCR are provided in Table 5 whereas
the detailed results for individual test images are shown in Tables A9–A12 in Appendix C.

Table 5. The average PSNR [dB] in the R’G’B’ and YCBCR color spaces for the scheme from Figure 3,
in which images are first encoded and then decoded using the AVC or HEVC codec.

PSNR RGB PSNR YCBCR
R’ G’ B’ Average Y CB CR Average

Scenario A
(8-bit, AVC)

Full range
“Full-swing” 31.53 32.62 31.26 31.80 32.82 41.31 41.14 38.42

“Television
range” 30.95 31.98 30.69 31.21 33.46 41.95 41.82 39.08

Scenario B
(10-bit,
HEVC)

Full range
“Full-swing” 36.02 37.64 31.77 35.14 39.37 37.91 40.96 39.41

“Television
range” 35.69 37.29 31.58 34.85 40.30 38.90 41.87 40.36
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Depending on the number of bits used to encode samples, the average PSNR for
YCBCR is about 4–8 dB higher than the average PSNR for R’G’B’. This significant difference
may be partially explained by the higher PSNR values typically observed for chroma.
Nevertheless, this phenomenon must be carefully considered when reporting compression
results in different color spaces.

The results for luma Y and green G’ are the most similar. This is because the green
component contributes the most to the calculation of Y. Nevertheless, even for luma and
green, the differences are about 1–3 dB. This is significant compared to the results reported
for individual contributions to the prospective new compression techniques.

These results are also useful for other video codecs, such as VVC [55], because the
main difference relates to other rate-distortion characteristics of these codecs.

A clear warning is that for a given video codec, its rate-distortion varies significantly
depending on the color space used for reporting.

7. Conclusions
Final conclusions:

1. Color transformations result in relatively minor degradation, comparable to the round-
ing noise measured for the respective number of bits of sample representations.
Color transformations in the full R’G’B’ → YCBCR → R’G’B’ cycle generate noise
with a PSNR value exceeding 50 dB for 8-bit representations (see Appendix A). For
longer bit representations, the PSNR value increases by approximately 6 dB for each
additional bit.

2. The quality losses may be comparable to the gains obtained using new compression
tools as observed for the work in standardization bodies.

3. Additional color transformations require at least one “guard” bit if there is no reduction
in the sample interval. Shrinking the sample value interval to the “television range”
requires two additional “guard” bits.

4. Consecutive cycles of color transformation R’G’B’ → YCBCR → R’G’B’ result in negli-
gible additional distortion approximately 0.01 dB (see Appendix A). Deeper analy-
sis [36,37,40] demonstrates that only a small percentage of samples (mostly below 5%)
change their numerical values in consecutive cycles.

5. Operations performed on color component samples within a color transformation
cycle may cause significant distortion (see Appendix B).

6. The PSNR RGB values are substantially lower than the PSNR YCBCR values measured
for compression alone (see Appendix C). Numerous experiments in MPEG and JVET
have shown that the PSNR for CB or CR are significantly higher (by several dB) than the
PSNR for Y or PSNR RGB. Even comparing PSNR Y and PSNR G often demonstrates
a loss of nearly 2 dB.

Research on new compression methods requires careful consideration of how color
transformation influences compression efficiency results. This is critical today, as arti-
ficial intelligence and compression software are integrated into a single system. When
researching new compression methods, it is important to carefully consider the aforemen-
tioned combination of methods and color representations to avoid inaccurate compression
efficiency results.

The paper delivers a message to the video researchers: “Avoid unnecessary
color transformations!”
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Abbreviations
The following abbreviations are used in this manuscript:

AI artificial intelligence
AVC Advanced Video Coding
HD High Definition
HEVC High Efficiency Video Coding
IEC International Electrotechnical Commission
IEEE Institute of Electrical and Electronics Engineers
IS International Standard
ISO International Organization for Standardization
ITU International Telecommunication Union
JCT-VC Joint Collaborative Team on Video Coding

JPEG
Joint Photographic Experts Group (an international group that develops standards for
still image compression

JPEG
popular name for the image compression standard ISO/IEC IS 10918-1, also ITU-T Rec.
T.81 [56]

JPEG 2000
popular name for the image compression standard ISO/IEC IS 15444-1, also ITU-T Rec.
T.800 [57]

JVET

Joint Video Experts Team (an international expert group that develops standards for
video compression, a joint group of ITU-T SG21 WP3/21 and ISO/IEC JTC 1/SC 29,
working for ISO, IEC, ITU)

MOS Mean Opinion Score

MPEG
Moving Picture Experts Group (international expert groups that develop standards for
digital audio, video, and graphics compression, working for ISO and IEC)

MPAI
Moving Picture, Audio and Data Coding by Artificial Intelligence (an international
expert group that develops standards for video and audio compression using the AI
methods, produces the IEEE standards)

Rec. Recommendation
RGB red—green—blue
SD Standard Definition
SSIM Structural Similarity Index Measure
UHD Ultra High Definition
VCEG Video Coding Experts Group
VMAF Video Multimethod Assessment Fusion
VQM Video Quality Metric
VVC Versatile Video Coding
YCBCR luma—chroma CB—chroma CR
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Appendix A

Table A1. PSNR [dB] after one and two cycles of color transformations R’G’B’ → YCBCR → R’G’B’
according to ITU Rec. BT.709 [7,17] for the full range of luma and chroma in Scenario A (8-bit
sample representations).

First Cycle Second Cycle

Image PSNR R PSNR G PSNR B PSNR R PSNR G PSNR B

I01 52.68 56.62 51.21 52.68 56.62 51.21
I02 52.10 58.24 51.40 52.10 58.24 51.40
I03 52.00 56.82 51.10 52.00 56.82 51.09
I04 52.32 57.48 51.64 52.32 57.48 51.64
I05 52.28 57.43 51.98 52.28 57.43 51.98
I06 52.55 57.28 51.49 52.55 57.28 51.49
I07 52.15 56.58 51.81 52.15 56.58 51.81
I08 52.43 57.06 51.68 52.43 57.06 51.68
I09 51.54 58.47 51.29 51.54 58.47 51.29
I10 52.33 57.31 51.75 52.33 57.31 51.75
I11 51.55 57.59 51.10 51.55 57.59 51.10
I12 51.85 57.15 51.63 51.85 57.15 51.63
I13 52.41 57.04 51.67 52.41 57.04 51.67
I14 52.43 56.53 52.09 52.43 56.53 52.09
I15 52.53 57.08 50.95 52.53 57.08 50.94
I16 51.87 56.74 50.65 51.87 56.74 50.65
I17 53.15 56.73 52.27 53.15 56.73 52.27
I18 52.36 57.00 51.83 52.36 57.00 51.83
I19 52.39 57.08 51.34 52.39 57.08 51.34
I20 54.22 58.03 51.63 54.21 58.02 51.63
I21 52.44 58.08 51.30 52.44 58.08 51.30
I22 52.50 56.97 51.86 52.50 56.95 51.86
I23 52.49 57.42 51.34 52.49 57.42 51.33
I24 52.44 56.97 51.73 52.44 56.97 51.73
I25 52.68 58.90 52.16 52.68 58.90 52.16

Average 52.39 57.30 51.56 52.39 57.30 51.56
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Table A2. PSNR [dB] after one and two cycles of color transformations R’G’B’ → YCBCR → R’G’B’
according to ITU Rec. BT.709 for the “television range” of luma and chroma in Scenario A (8-bit
sample representations).

First Cycle Second Cycle

Image PSNR R PSNR G PSNR B PSNR R PSNR G PSNR B

I01 51.32 55.31 50.74 51.32 55.31 50.74
I02 51.72 55.17 51.13 51.72 55.17 51.13
I03 51.15 55.95 50.70 51.15 55.95 50.69
I04 51.48 55.22 50.84 51.48 55.22 50.84
I05 51.24 55.20 50.95 51.24 55.19 50.95
I06 51.88 55.38 50.66 51.88 55.38 50.66
I07 51.64 55.16 50.65 51.64 55.16 50.65
I08 51.74 55.22 50.78 51.73 55.22 50.77
I09 51.42 54.80 50.90 51.42 54.80 50.90
I10 51.90 55.21 51.10 51.89 55.21 51.10
I11 51.15 54.91 51.44 51.15 54.91 51.44
I12 51.57 55.24 50.49 51.57 55.24 50.49
I13 51.51 55.28 50.93 51.51 55.28 50.93
I14 51.70 55.27 50.82 51.70 55.27 50.82
I15 52.02 55.27 50.32 52.02 55.27 50.32
I16 51.47 54.92 50.49 51.47 54.92 50.49
I17 51.56 55.29 51.55 51.56 55.29 51.55
I18 51.75 55.13 50.96 51.75 55.13 50.96
I19 51.82 55.23 50.86 51.82 55.22 50.86
I20 52.05 56.87 50.86 52.04 56.86 50.86
I21 51.69 55.12 50.53 51.69 55.12 50.53
I22 51.72 55.14 50.66 51.71 55.14 50.66
I23 51.62 55.32 50.70 51.61 55.32 50.69
I24 51.45 55.36 50.75 51.45 55.36 50.75
I25 52.15 55.91 51.94 52.15 55.91 51.50

Average 51.63 55.31 50.87 51.63 55.31 50.85

Table A3. PSNR [dB] after one and two cycles of color transformations R’G’B’ → YCBCR → R’G’B’
according to ITU Rec. BT.2020 [18] for the full range of luma and chroma in Scenario B (10-bit
sample representations).

First Cycle Second Cycle

Video Clip PSNR R PSNR G PSNR B PSNR R PSNR G PSNR B

Traffic 64.46 69.18 63.41 64.46 69.18 63.41
ParkScene 64.53 68.57 63.47 64.53 68.57 63.47

OldTownCross 64.53 68.51 63.48 64.53 68.51 63.48
Kimono1 64.51 68.65 63.43 64.51 68.65 63.43

EBURainFruits 64.41 68.92 63.45 64.41 68.91 63.45
EBULupoCandlelight 64.42 68.86 63.49 64.42 68.86 63.49

DucksAndLegs 64.53 68.58 63.47 64.53 68.58 63.47
BirdsInCage 64.42 68.93 63.46 64.42 68.93 63.46

Average 64.48 68.77 63.46 64.48 68.77 63.46
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Table A4. PSNR [dB] after one and two cycles of color transformations R’G’B’ → YCBCR → R’G’B’
according to ITU Rec. BT.2020 [18] for the “television range” of luma and chroma in Scenario B (10-bit
sample representations).

First Cycle Second Cycle

Video Clip PSNR R PSNR G PSNR B PSNR R PSNR G PSNR B

Traffic 63.86 66.70 62.71 63.86 66.70 62.71
ParkScene 63.80 66.65 62.67 63.80 66.65 62.67

OldTownCross 63.80 66.68 62.69 63.80 66.68 62.69
Kimono1 63.82 66.69 62.69 63.82 66.69 62.69

EBURainFruits 61.47 62.62 60.69 61.43 62.60 60.65
EBULupoCandlelight 57.97 58.53 57.64 57.96 58.53 57.64

DucksAndLegs 63.82 66.67 62.69 63.82 66.67 62.69
BirdsInCage 63.83 66.64 62.69 63.83 66.64 62.69

Average 62.80 65.15 61.81 62.79 65.15 61.80

Table A5. Error histograms in R’, G’, B’ after one and two cycles of color transformations R’G’B’ →
YCBCR → R’G’B’ for selected test images for Scenario A (ITU Rec. BT.709, 8-bit sample representations).

Image Component First Cycle Second Cycle
−2 −1 0 1 2 −2 −1 0 1 2

I1

Full range
“Full-swing”

R’ 0 36,449 127,620 32,539 0 0 36,449 127,620 32,539 0
G’ 0 9617 168,749 18,242 0 0 9617 168,749 18,242 0
B’ 0 46,274 99,792 50,542 0 0 46,276 99,790 50,542 0

“Television
range”

R’ 0 44,467 102,277 49,864 0 0 44,467 102,277 49,864 0
G’ 0 19,983 158,979 17,646 0 0 19,983 158,979 17,646 0
B’ 399 55,315 91,817 48,471 606 399 55,322 91,810 48,471 606

I6

Full range
“Full-swing”

R’ 0 32,724 125,468 38,416 0 0 32,724 125,467 38,417 0
G’ 0 9759 172,699 14,150 0 0 9760 172,698 14,150 0
B’ 0 43,555 105,917 47,136 0 0 43,564 105,908 47,136 0

“Television
range”

R’ 0 39,646 113,747 43,215 0 0 39,646 113,698 43,264 0
G’ 0 18,408 159,602 18,598 0 0 18,425 159,584 18,599 0
B’ 793 48,827 92,140 53,866 982 793 48,834 92,133 53,866 982

I1
1

Full range
“Full-swing”

R’ 0 34,789 107,151 54,668 0 0 34,789 107,149 54,670 0
G’ 0 13,833 174,338 8437 0 0 13,837 174,334 8437 0
B’ 0 59,956 97,349 39,303 0 0 59,967 97,338 39,303 0

“Television
range”

R’ 0 56,927 98,586 41,095 0 0 56,927 98,579 41,102 0
G’ 0 19,957 155,315 21,336 0 0 19,958 155,312 21,338 0
B’ 679 38,811 108,164 48,534 420 679 38,823 108,152 48,534 420

I1
6

Full range
“Full-swing”

R’ 0 42,659 113,479 40,470 0 0 42,659 113,479 40,470 0
G’ 0 8948 169,512 18,148 0 0 8948 169,512 18,148 0
B’ 0 44,773 86,620 65,215 0 0 44,775 86,618 65,215 0

“Television
range”

R’ 0 47,864 105,421 43,323 0 0 47,864 105,392 43,352 0
G’ 0 18,849 155,388 22,371 0 0 18,849 155,388 22,371 0
B’ 1675 54,357 89,681 50,160 735 1675 54,361 89,677 50,160 735

I2
1

Full range
“Full-swing”

R’ 0 36,838 123,752 36,018 0 0 36,838 123,734 36,036 0
G’ 0 8920 176,705 10,983 0 0 8923 176,702 10,983 0
B’ 0 44,794 101,868 49,946 0 0 44,794 101,868 49,946 0

“Television
range”

R’ 0 43,437 109,934 43,237 0 0 43,437 109,915 43,256 0
G’ 0 18,296 157,261 21,051 0 0 18,303 157,253 21,052 0
B’ 461 56,460 86,987 52,002 698 461 56,462 86,985 52,002 698
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Table A6. Error histograms in R’, G’, B’ (values in thousands) in R’, G’, B’ after one and two cycles of
color transformations R’G’B’ → YCBCR → R’G’B’ for selected test video clips for Scenario B (ITU Rec.
BT.2020, 10-bit sample representations).

Clip Component First Cycle Second Cycle
−2 −1 0 1 2 −2 −1 0 1 2

Tr
af

fic

Full range
R’ 0 767,963 2,562,275 765,762 0 0 767,963 2,562,275 765,762 0
G’ 0 260,193 3,578,089 257,718 0 0 260,193 3,578,089 257,718 0
B’ 0 974,951 2,140,594 980,455 0 0 974,951 2,140,594 980,455 0

“Television
range”

R’ 0 880,200 2,335,123 880,677 0 0 880,200 2,335,123 880,677 0
G’ 0 458,292 3,178,669 459,039 0 0 458,292 3,178,669 459,039 0
B’ 19,992 1,065,436 1,921,227 1,069,169 20,176 19,992 1,065,436 1,921,227 1,069,169 20,176

Pa
rk

Sc
en

e Full range
R’ 0 379,495 1,308,960 385,145 0 0 379,495 1,308,960 385,145 0
G’ 0 153,169 1,772,287 148,144 0 0 153,169 1,772,287 148,144 0
B’ 0 487,934 1,098,535 487,131 0 0 487,934 1,098,535 487,131 0

“Television
range”

R’ 0 451,467 1,169,463 452,670 0 0 451,467 1,169,463 452,670 0
G’ 0 232,644 1,604,643 236,313 0 0 232,644 1,604,643 236,313 0
B’ 12,074 542,801 964,331 544,876 9518 12,074 542,801 964,331 544,876 9518

O
ld

To
w

nC
ro

ss

Full range
R’ 0 382,424 1,309,311 381,865 0 0 382,424 1,309,311 381,865 0
G’ 0 152,658 1,768,029 152,913 0 0 152,658 1,768,029 152,913 0
B’ 0 486,235 1,098,702 488,663 0 0 486,235 1,098,702 488,663 0

“Television
range”

R’ 0 452,050 1,169,667 451,883 0 0 452,050 1,169,667 451,883 0
G’ 0 232,606 1,607,895 233,099 0 0 232,606 1,607,895 233,099 0
B’ 10,076 543,274 965,774 544,103 10,373 10,076 543,274 965,774 544,103 10,373

K
im

on
o Full range

R’ 0 382,694 1,305,426 385,480 0 0 382,694 1,305,426 385,480 0
G’ 0 148,821 1,777,280 147,499 0 0 148,821 1,777,280 147,499 0
B’ 0 491,067 1,089,361 493,172 0 0 491,067 1,089,361 493,172 0

“Television
range”

R’ 0 450,170 1,172,094 451,336 0 0 450,170 1,172,094 451,336 0
G’ 0 233,814 1,608,944 230,842 0 0 233,814 1,608,944 230,842 0
B’ 10,064 541,538 970,784 539,751 11,463 10,064 541,538 970,784 539,751 11,463

D
uc

ks
A

nd
Le

gs Full range
R’ 0 381,074 1,309,300 383,226 0 0 381,074 1,309,300 383,226 0
G’ 0 150,666 1,772,794 150,140 0 0 150,666 1,772,794 150,140 0
B’ 0 485,554 1,098,621 489,425 0 0 485,554 1,098,621 489,425 0

“Television
range”

R’ 0 450,389 1,172,249 450,962 0 0 450,389 1,172,249 450,962 0
G’ 0 234,362 1,606,636 232,602 0 0 234,362 1,606,636 232,602 0
B’ 10,384 543,620 967,460 542,071 10,065 10,384 543,620 967,460 542,071 10,065
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Appendix B

Table A7. Scenario A: PSNR [dB] after one and two cycles of color transformations R’G’B’ → YCBCR

→ R’G’B’ according to ITU Rec. BT.709 for the full range of luma and chroma (8-bit sample represen-
tations). In the first cycle the values of luma and chroma are multiplied by the factor of 0.9 whereas
they are multiplied by the factor of 1/0.9 in the second cycle.

First Cycle Second Cycle

Image PSNR R PSNR G PSNR B PSNR R PSNR G PSNR B

I01 50.52 53.61 39.56 50.52 53.61 39.54
I02 48.11 52.32 32.36 48.11 52.31 32.32
I03 48.76 52.72 30.27 48.75 52.68 30.23
I04 45.18 53.65 38.28 45.18 53.65 38.27
I05 45.31 52.94 32.17 45.31 52.93 32.14
I06 49.50 54.20 41.24 49.50 54.19 41.21
I07 49.74 52.77 34.95 49.74 52.75 34.92
I08 48.85 54.15 48.24 48.85 54.03 48.21
I09 45.47 53.05 42.30 45.47 53.05 42.29
I10 45.67 53.94 44.62 45.67 53.94 44.61
I11 48.63 52.80 30.75 48.63 52.78 30.64
I12 49.51 53.95 47.08 49.50 53.95 47.06
I13 49.25 53.62 37.63 49.24 53.62 37.60
I14 49.48 53.41 35.08 49.48 53.39 35.05
I15 43.48 53.77 35.04 43.48 53.76 35.03
I16 50.18 53.40 43.72 50.18 53.40 43.70
I17 41.11 50.93 30.27 41.11 50.93 30.25
I18 43.87 52.87 32.59 43.87 52.84 32.54
I19 48.81 53.86 38.57 48.81 53.82 38.54
I20 45.91 54.57 35.97 45.88 54.50 35.89
I21 48.73 53.45 41.46 48.73 53.44 41.45
I22 49.41 53.91 44.50 49.40 53.85 44.46
I23 49.53 53.67 34.00 49.52 53.64 34.00
I24 49.45 53.80 48.09 49.45 53.79 48.07
I25 28.68 54.46 27.13 28.68 54.45 27.13

Average 46.93 53.43 37.84 46.92 53.41 37.81
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Table A8. Scenario A: PSNR [dB] after one and two cycles of color transformations R’G’B’ → YCBCR

→ R’G’B’ according to ITU Rec. BT.709 for the “television range” of luma and chroma (8-bit sample
representations). In the first cycle the values of luma and chroma are multiplied by the factor of 0.9
whereas they are multiplied by the factor of 1/0.9 in the second cycle.

First Cycle Second Cycle

Image PSNR R PSNR G PSNR B PSNR R PSNR G PSNR B

I01 48.20 51.54 35.66 48.20 51.53 35.63
I02 46.18 49.67 28.32 46.18 49.66 28.27
I03 48.02 51.78 27.55 48.01 51.75 27.52
I04 43.54 51.62 34.45 43.38 51.59 34.41
I05 41.61 51.35 29.26 41.59 51.34 29.24
I06 49.08 52.65 38.37 49.08 52.63 38.31
I07 48.67 51.85 31.80 48.67 51.85 31.77
I08 46.36 52.41 45.16 46.35 52.41 45.13
I09 44.01 52.08 40.18 43.83 52.08 40.26
I10 43.03 51.92 43.07 42.89 51.92 43.23
I11 45.86 51.69 28.02 45.86 51.68 28.01
I12 48.35 52.56 44.00 48.34 52.56 43.96
I13 48.21 52.00 34.30 48.20 51.98 34.22
I14 47.82 51.73 32.08 47.82 51.70 32.02
I15 39.20 51.90 31.81 39.19 51.89 31.79
I16 49.29 52.35 40.75 49.29 52.35 40.68
I17 35.44 51.52 27.39 35.44 51.52 27.39
I18 39.70 51.25 29.54 39.70 51.24 29.52
I19 47.40 52.05 35.50 47.40 52.04 35.45
I20 42.02 53.70 33.01 42.02 53.52 32.95
I21 46.98 51.83 38.10 46.98 51.83 38.06
I22 48.92 52.41 41.72 48.91 52.37 41.66
I23 48.76 52.32 32.05 48.75 52.29 32.03
I24 48.73 52.53 45.39 48.73 52.53 45.34
I25 27.18 53.58 25.49 26.89 53.57 25.73

Average 44.90 52.01 34.92 44.87 51.99 34.90
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Appendix C

Table A9. Scenario A (ITU Rec. BT.709): PSNR [dB] for R’, G’, B’ after one cycle of color transformation
from R’G’B’ to YCBCR, AVC compression, then decompression and reverse transformation to R’G’B’
with respect to the corresponding values. PSNR [dB] for Y, CB, CR after AVC decompression with
respect to the corresponding values before compression. The values obtained for the full range of
luma and chroma values (8-bit sample representations).

Image PSNR R PSNR G PSNR B PSNR Y PSNR CB PSNR CR

I01 29.91 30.41 29.97 30.53 43.40 41.99
I02 31.62 34.11 32.97 34.22 43.11 39.65
I03 34.03 35.32 33.70 35.57 42.13 42.67
I04 33.37 35.03 34.10 35.25 45.40 41.71
I05 29.12 29.99 28.73 30.19 38.46 39.01
I06 30.47 31.16 30.22 31.27 41.25 42.01
I07 32.61 33.92 32.35 34.23 41.31 41.06
I08 29.28 29.98 28.94 30.12 40.10 40.03
I09 32.98 33.68 32.37 33.91 41.87 43.08
I10 33.01 33.72 32.30 33.99 41.80 42.63
I11 30.69 31.71 30.86 31.85 41.88 40.77
I12 32.96 33.93 32.85 34.13 43.59 42.65
I13 28.89 29.27 28.10 29.39 38.88 41.65
I14 29.46 30.81 29.32 30.98 38.42 38.61
I15 32.41 34.13 33.15 34.33 44.02 40.95
I16 33.58 34.31 33.33 34.42 43.94 45.12
I17 33.13 33.65 32.42 33.85 42.62 43.46
I18 30.23 31.27 29.72 31.47 39.16 39.56
I19 31.00 31.84 30.69 31.98 40.94 41.39
I20 33.66 34.32 32.40 34.53 41.44 43.37
I21 31.01 31.65 30.32 31.78 40.62 42.20
I22 31.02 31.96 30.61 32.36 40.30 38.88
I23 33.93 35.00 33.24 35.35 42.19 41.99
I24 31.36 32.19 30.63 32.48 40.36 39.88
I25 28.43 32.23 28.24 32.32 35.50 34.29

Average 31.53 32.62 31.26 32.82 41.31 41.14
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Table A10. Scenario A (ITU Rec. BT.709): PSNR [dB] for R’, G’, B’ after one cycle of color transforma-
tion from R’G’B’ to YCBCR, AVC compression, then decompression and reverse transformation to
R’G’B’ with respect to the corresponding values. PSNR [dB] for Y, CB, CR after AVC decompression
with respect to the corresponding values before compression. The values obtained for the “television
range” of luma and chroma values (8-bit sample representations).

Image PSNR R PSNR G PSNR B PSNR Y PSNR CB PSNR CR

I01 29.39 29.80 29.35 31.24 43.95 42.96
I02 31.19 33.63 32.52 35.02 43.95 40.49
I03 33.61 34.76 33.21 36.33 42.74 43.44
I04 32.93 34.54 33.57 36.08 46.31 42.33
I05 28.38 29.20 27.99 30.68 39.02 39.49
I06 29.79 30.47 29.56 31.88 41.76 42.36
I07 32.03 33.23 31.77 34.87 42.12 41.68
I08 28.66 29.31 28.33 30.71 40.75 40.74
I09 32.34 33.02 31.78 34.55 42.42 43.65
I10 32.43 33.16 31.83 34.70 42.61 43.25
I11 30.13 31.10 30.30 32.55 42.72 41.41
I12 32.51 33.41 32.37 34.91 44.43 43.39
I13 28.13 28.46 27.45 29.85 39.65 42.27
I14 28.94 30.25 28.79 31.72 39.19 39.40
I15 31.82 33.51 32.62 34.97 44.47 41.60
I16 33.02 33.71 32.77 35.13 44.54 45.89
I17 32.63 33.13 31.93 34.62 43.37 44.35
I18 29.62 30.58 29.20 32.04 39.91 40.39
I19 30.38 31.17 30.05 32.61 41.59 42.27
I20 33.07 33.76 31.92 35.22 42.12 44.10
I21 30.23 30.85 29.67 32.27 41.28 42.80
I22 30.57 31.38 30.08 33.08 40.95 39.73
I23 33.28 34.45 32.70 36.07 42.88 42.55
I24 30.76 31.54 30.09 33.08 41.11 40.51
I25 27.86 31.03 27.41 32.28 34.83 34.38

Average 30.95 31.98 30.69 33.46 41.95 41.82

Table A11. Scenario B (ITU Rec. BT.2020): PSNR [dB] for R’, G’, B’ after one cycle of color transforma-
tion from R’G’B’ to YCBCR, HEVC compression, then decompression and reverse transformation to
R’G’B’ with respect to the corresponding values. PSNR [dB] for Y, CB, CR after HEVC decompression
with respect to the corresponding values before compression. The values obtained for the full range
of luma and chroma values (10-bit sample representations).

Video Clip PSNR R PSNR G PSNR B PSNR Y PSNR CB PSNR CR

Traffic 37.10 38.60 31.78 39.79 38.28 42.43
ParkScene 33.36 35.97 30.42 38.10 35.97 37.73

OldTownCross 31.57 34.42 29.03 35.88 34.37 36.91
Kimono1 35.88 38.70 31.48 40.62 37.08 40.52

EBURainFruits 38.98 39.69 36.03 40.51 44.05 44.98
EBULupoCandlelight 40.35 41.07 37.21 41.72 44.30 47.55

DucksAndLegs 30.83 32.99 26.09 35.86 31.53 34.52
BirdsInCage 40.10 39.69 32.12 42.50 37.68 43.06

Average 36.02 37.64 31.77 39.37 37.91 40.96
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Table A12. Scenario B (ITU Rec. BT.2020): PSNR [dB] for R’, G’, B’ after one cycle of color transforma-
tion from R’G’B’ to YCBCR, HEVC compression, then decompression and reverse transformation to
R’G’B’ with respect to the corresponding values. PSNR [dB] for Y, CB, CR after HEVC decompression
with respect to the corresponding values before compression. The values obtained for the “television
range”of luma and chroma values (10-bit sample representations).

Video Clip PSNR R PSNR G PSNR B PSNR Y PSNR CB PSNR CR

Traffic 36.71 38.16 31.51 40.63 39.23 43.30
ParkScene 33.00 35.54 30.22 38.92 36.95 38.62

OldTownCross 31.44 34.22 28.99 37.00 35.50 37.97
Kimono1 35.58 38.36 31.33 41.52 38.11 41.47

EBURainFruits 38.47 39.15 35.64 41.29 44.87 45.76
EBULupoCandlelight 39.93 40.70 36.95 42.67 45.21 48.38

DucksAndLegs 30.54 32.69 25.96 36.81 32.57 35.44
BirdsInCage 39.84 39.47 32.05 43.56 38.78 44.05

Average 35.69 37.29 31.58 40.30 38.90 41.87
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