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used when mapping an image with a peak of 4,000 
cd/m2 to a peak of 1,000 cd/m2, while preserving the 
colors’ hue and creative intent as much as possible. 
These changes in luminance may be necessary in a  

variety of cases, such as when 
converting between the percep-
tual quantizer (PQ) and hybrid 
log-gamma (HLG), which sup-
port the luminance values of 
10,000 and 1,000 cd/m2, respec-
tively. While HLG is indeed a 
relative-luminance system, the 
reference condition described in 
section 7.2 of ITU-R BT.2390-7 
for PQ to HLG conversion 
is the 1,000 cd/m2 operating 
point. In addition, tone map-
ping can be implemented within 
a display that is not capable of 
rendering the encoded lumi-
nance. Figure 1 illustrates the 
change in hue when clipping is 
implemented in place of more 
advanced tone mapping.

Goals
When converting imagery from 
PQ to HLG, tone mapping 
should be implemented when 
PQ code values exceed 1,000 
cd/m2. This ensures that colors 
outside the 1,000 cd/m2 color 
volume are not clipped, and 
each color’s hue is preserved. 
It is important that the tone-
mapping algorithm accomplishes 
two objectives: (1)  it restricts 

the color volume of the output image to 1,000 
cd/m2 and (2) it preserves the hue angle of each 
color. The latter can be quantified using the absolute  
difference in the hue angle between the mapped color 
and the original color. Meeting these objectives should 
help ensure that creative intent will be preserved when 
converting between the encoding spaces.
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Abstract
The electrical–electrical transfer function (EETF), described 
in International Telecommunications Union—Radiocom-
munication (ITU-R) BT.2390-7, offers four variations, which 
allow high luminance imagery to be 
tone-mapped to a lower luminance in 
different ways. This is useful when con-
verting high dynamic range (HDR) 
encoding spaces or rendering HDR 
content on screens that have limited 
performance. However, for some input 
colors, these variations introduce drastic 
changes in hue, in some cases, and do 
not restrict the output to the desired color 
volume, in other cases. In this article, 
a fifth variation is proposed, that pre-
serves the input color’s hue while also 
restricting the output to the specified 
color volume. This proposed variation is 
compared and shown to outperform the 
four standardized variations.
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Introduction

 T 
 � he electrical–electrical 
transfer function (EETF), 
described in International 
Te lecommu n ic at ion s  

Union—Radiocommunication 
(ITU-R) BT.2390-7,1 can be used to map code val-
ues representing luminance, from a starting peak 
luminance to a new, lower luminance. This can be 
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Variations Within the Standard
As of BT.2390-7, four implementations of the EETF 
function are presented with the mapping performed in 
various color spaces.1

These variations have been reproduced below.

1.	 ICTCP 

	​ ​I​ 2​​ = EETF​(​I​ 1​​)​​				   (1)

	​​ C​ T2​​ , ​C​ P2​​ = min ​(​ 
​I​ 1​​ _ ​I​ 2​​

 ​ , ​ 
​I​ 2​​ _ ​I​ 1​​

 ​)​ × ​(​C​ T1​​ , ​C​ P1​​)​​.		  (2)

2.	 Y'C'BC'R 

	​​ Y​ 2​  ' ​ = EETF​(​Y​ 1​ ' ​)​​				    (3)

	​​ C​ B2​ ' ​  , ​C​ R2​ ' ​  = min ​(​ 
​Y​ 1​ ' ​ _ 
​Y​ 2​ ' ​

 ​ , ​ 
​Y​ 2​ ' ​ _ 
​Y​ 1​ ' ​

 ​)​×​(​C​ B1​ ' ​  , ​C​ R1​ ' ​ )​​.		  (4)

3.	 YRGB

	​​ Y​ 1​​ = 0.2627 ​R​ 1​​ + 0.6780 ​G​ 1​​ + 0.0593 ​B​ 1​​​		  (5)

	​​ Y​ 2​​ = EOT ​F​ PQ​​​(EETF​(EOT ​F​ PQ​ −1 ​ ​(​Y​ 1​​)​)​)​​		  (6)

	​​ (​R​ 2​​ , ​G​ 2​​ , ​B​ 2​​)​  = ​ 
​Y​ 2​​ _ ​Y​ 1​​

 ​ ×​(​R​ 1​​ , ​G​ 1​​ , ​B​ 1​​)​​.		  (7)

4.	 R'G'B'

	​​ (​R​ 2​ ' ​ , ​G​ 2​ ' ​ , ​B​ 2​ ' ​)​  =  EETF​(​R​ 1​ ' ​ , ​G​ 1​ ' ​ , ​B​ 1​ ' ​)​​.		  (8)

The EETF of 4,000–1,000 cd/m2 is plotted in Fig. 2.

Evaluation Process
The 4,000 cd/m2 equivalent, nonlinear PQ color patches 
of P3D652, red, green, and blue (R', G', B') had, each varia-
tion of the EETF function applied to them, reducing the 
luminance to 1,000 cd/m2. When applicable, the code 
values were converted to the respective color/encoding 
space, where the EETF was applied and the resulting code 
values were converted back to R'G'B'. These code values 
were recorded as nonlinear red, green, and blue values 
(R'G'B'). The PQ electro-optical transfer function was 
then applied to each of these values, generating linear lumi-
nance values for each channel (RGB). These values were  
then recorded.

Notes
■■ R, G, B values of P3D65 were encoded using the 

ITU-R BT.2020 primaries.
■■ Although 1,000 cd/m2 is used throughout this article as 

an example, in practice, the target output luminance is a 
variable parameter of the EETF equations and can be 
adjusted to fit each implementation’s requirements.

Images are representative of color differences. Colors may vary based on the printing or display gamut.

FIGURE 1.  Illustration of color conversion utilizing tone mapping (bottom) compared to clipping (top) to go from 4,000 cd/m2 
to 1,000 cd/m2.

FIGURE 2.  ITU-R BT.2390 EETF tone map.
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Limitations of Each Variation
The R'G'B' color space EETF (Eq. 8) does constrain the 
data within the specified luminance values of the RGB cube. 
However, this method generates a significant error when 
mapping the colors. This error can be attributed to each 
of the channels being processed independently from one 
another. This is highly noticeable when viewing the images 
after processing. Calculations and plots showing this error 
can be found in the section titled “Implemented Results.”

Converting to an alternative color space and leveraging 
another variation (Eqs. 1–7) generates values outside the 
specified max-luminance when converted back to RGB. 
These methods thus generate colors outside the 1,000 cd/m2 
RGB color volume used in this evaluation process. These 
variations do not constrict the luminance to 1,000 cd/m2 
as they all work from a weighted luminance or luma chan-
nel. The limitations of these variations are summarized in 
Table 1. For example, when converting to YRGB (Eqs. 5–7), 
the luminance channel is not weighted uniformly.  The EETF 
is then applied to these values, which do not accurately 
represent the RGB code values.

Example, using YRGB (Eqs. 5–7):

​​R​ 1​​ , ​G​ 1​​ , ​B​ 1​​ = ​[0, 0, 4000]​ cd / ​m​​ 2​ → ​Y​ 1​​ = 237 . 2​

​​EOTF​ PQ​ −1 ​​(​Y​ 1​​)​ = 0 . 597021 → EETF​

	​​ (0 . 597021)​ = 0 . 597021 ​

​​Y​ 2​​ = ​EOTF​ PQ​​​(0 . 597021)​ = 237 . 198​

​∴ ​Y​ 1​​ ≈ ​Y​ 2​​​

​​B​ 2​​ = ​ 
​Y​ 2​​ _ ​Y​ 1​​

 ​ × ​B​ 1​​ ≈ 4000 cd / ​m​​ 2​ ■​

Additional calculation results for each variation can 
be found in the section titled “Implemented Results.”

Proposed Variation
As a result of the presented limitations in the exist-
ing four sets of equations, a fifth variation is proposed.  

This variation aims to ensure both the color volume and 
hue objectives, presented in the section titled “Variations 
Within the Standard,” are accomplished. This variation 
is reached by adapting the YRGB method (Eqs. 5–7), 
so that:
5.  max(RGB)

	 ​​M​ 1​​ = max​(R1,  G1,  B1)​​			   (9)

	 ​​M​ 2​​  =  EOT ​F​ PQ​​​(EETF​(EOT ​F​ PQ​ −1 ​​(​M​ 1​​)​)​)​​	 (10)

	​​ (​R​ 2​​ , ​G​ 2​​ , ​B​ 2​​)​ = ​ 
​M​ 2​​ _ ​M​ 1​​

 ​ × ​(​R​ 1​​ , ​G​ 1​​ , ​B​ 1​​)​.​		  (11)

Note: Bolded/blue font represents changes from the 
YRGB variation. 

This variation ensures that the EETF is applied to the 
max light level of the three channels, per pixel, thereby 
constraining the colors to the desired 1,000 cd/m2 RGB 
color volume and not a weighted 1,000 cd/m2 luminance/
luma/intensity channel. The maxRGB EETF mapping is 
illustrated conceptually in Fig. 3.

Implemented Results
Table 2 contains the results of the five implementations, 
as well as the 4,000 cd/m2 source. The source had each 
variation of EETF applied to it with a target color vol-
ume of 1,000 cd/m2. 

Notice in Table 2, where ICTCP, Y'C'BC'R, and 
YRGB, all contain values exceeding the 1,000 cd/m2 
target (red). Meanwhile, the R'G'B' and maxRGB light 
levels are constrained to the 1,000 cd/m2 limit that  
was imposed.

Plotted Representations of Color Difference
The resulting RGB values from each of the implementa-
tions were then converted to Commission Internationale 
de l’Eclairage (CIE) XYZ values using the inverse of the 
matrix presented in ITU-R BT.2124-03 and reproduced 
in Eqs. 12 and 13.

FIGURE 3.  Conceptual example of maxRGB EETF mapping preserving the RGB ratios.
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TABLE 1.  Standard EETF variations and objectives.
ICTCP Y'C'BC'R YRGB R'G'B'

Restricts To 1,000 cd/m2 Color Volume ✗ ✗ ✗ ✓

Minimizes Difference in Hue ✓ ✓ ✓ ✗
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​​M​ XYZ→RG​B​ Rec.2020​​​​  =  ​[​ 
1 . 7167

​ 
− 0 . 3557

​ 
− 0 . 2534

​   − 0 . 667​      1 . 6165​         0 . 0158​   
 0.0176

​ 
   − 0 . 428

​ 
       0 . 9421

​]​​(12)

​​M​ XYZ→RG​B​ Rec.2020​​​   -1 ​   = ​M​ RG​B​ Rec.2020​​→XYZ​​ ​

			​​   [ ​ 
0. 6545

​ 
0 . 1898

​ 
0 . 1729 

​    0. 2690​   0 . 6939​  0 . 0607​   
  0. 1100

​ 
  0 . 3117

​ 
 1 . 0858

​]​​.	 (13)

These values were then converted to CIE 1976 chro-
maticity (u'v') and plotted in Fig. 4. It is evident that 
there is a significant color difference in the R'G'B' imple-
mentation when compared to the original 4,000 cd/m2 

patch. It can also be seen that minimal hue changes can 
be achieved when leveraging the maxRGB variation.

Qualitative Representation of Hue Change
The conventional method of quantitative measurements 
for color difference is the use of a ΔE-metric. However, 
since ΔE-metrics contain a 3D Euclidean distance,3 they 
do not accurately represent a change in color, indepen-
dent of  luminance. With the possibility of a drastic change 
in luminance (in this example 4,000 to 1,000 cd/m2),  

TABLE 2.  Calculations representing the effectiveness of each EETF implementation.
4,000 cd/m2 Source ICTCP—1,000 cd/m2 Target

Patch R G B Patch R G B

Red 3,009.9 182.92 0 Red 2,487.3 182.39 4.9712

Green 793 3,763.9 70.3 Green 395.71 1,409.86 65.069

Blue 189.92 49.826 3,929.4 Blue 194.95 51.7907 3,895.7

Color Difference Across EETF Variations
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FIGURE 4.  CIE 1976 chromaticity values before and after 
processing; using the four standardized EETF variations and the 
proposed fifth variation. Note: many of the values fall upon  
one another.

TABLE 3.  Changes in hue angle between CT 
and CP within the ICTCP color space.

  Blue patch Green patch Red patch Sum(θ)

ICTCP 0.36° 0.22° 0.39° 0.97°

Y'C'BC'R 0° 0.55° 0° 0.55°

YRGB 0° 0.28° 0.21° 0.49°

R'G'B' 22.85° 11.76° 12.98° 47.59°

maxRGB 1.12° 0.38° 1.53° 3.03°

TABLE 4.  Changes in hue angle between u’ 
and v’ within the u’v’ chromaticity.

  Blue patch Green patch Red patch Sum(θ)

ICTCP 0.14° 1.36° 0.71° 2.21°

Y′C′BC′R 0° 0.63° 0° 0.63°

YRGB 0° 0° 0° 0°

R′G′B′ 5.29° 7.75° 6.05° 19.09°

maxRGB 0° 0° 0° 0°

​≈​

Y'C'BC'R — 1,000 cd/m2 Target YRGB — 1,000 cd/m2 Target

Patch R G B Patch R G B

Red 3,009.9 182.92 0 Red 2,569.3 156.14 0

Green 351.58 1,969.3 20.498 Green 285.79 1,356.4 25.333

Blue 189.92 49.826 3,929.4 Blue 189.92 49.826 3,929.4

R’G’B’ — 1,000 cd/m2 Target maxRGB — 1,000 cd/m2 Target (Proposed)

Patch R G B Patch R G B

Red 998.32 182.92 0 Red 998.32 60.681 0

Green 721.46 1,000.00 70.3 Green 210.72 1,000.00 18.678

Blue 189.92 49.826 1,000.00 Blue 48.341 12.682 1,000.00
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these metrics did not present meaningful data.  
Instead, changes in the hue angle (known to be the most 
noticeable parameter of color when changed) provided 
more meaningful data, while being independent of  
luminance.

The RGB data listed above were converted to the 
ICTCP color space, as described by ITU-R BT.2100-24 
and BT.2124-03. These CTCP data are plotted in Fig. 5. 
Like the u'v' plot, significant changes in hue are evident 
in the R'G'B' implementation compared to other varia-
tions of EETF.

Based on the coordinates of the CT, CP values (plot-
ted in Fig. 5), hue angles were derived for each chan-
nel for the five implementations. From here, the absolute 
differences in hue angles were calculated between the 
implementations and the original 4,000 cd/m2 patch, as 
presented in Table 3. Table 4 lists the hue-angle devia-
tions using traditional u'v' chromaticity.

The R'G'B' implementation has a much higher dif-
ference in the hue angle than the remaining four varia-
tions. Although it does not achieve the lowest difference 
in the hue angle in (CT, CP), the maxRGB EETF has 
zero shift of the hue angle in traditional u'v' chroma-
ticity, while also constraining the colors to the 1,000 
cd/m2 RGB color volume, as expressed at the top of  
this section.

FIGURE 5.  CT, CP plot of the various implementations in the EETF.
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Conclusion
The maxRGB variation is the only implementation, out 
of the five presented in this article and summarized in 
Table 5, that accomplishes both objectives. The variation 
restricts the color volume of an output code value to 
1,000 cd/m2, constraining it to the 1,000 cd/m2 RGB color 
volume. The maxRGB implementation also reduces the 
difference in the hue angle, thereby minimizing noticeable 
changes in color. It should be noted that, although 4,000 cd/m2 
being mapped to 1,000 cd/m2 is used throughout this article 
as an example, any max luminance can be mapped to a lower 
luminance. Variation in performance may, however, vary.
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