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1 ABSTRACT 

After the introduction of the new standard REC.2020 by the International Telecommunication Union 

(ITU), the most pressing issue regarding colour reproduction has been backward compatibility: con-

tent recorded in the new wide colour gamut (WCG) cannot be faithfully represented in HDTVs due 

to the smaller gamut defined in REC.709, to which HDTVs are compliant. In a few years’ time, 

broadcasting companies will transmit TV programs using the more visually pleasing WCG, and cus-

tomers owning high definitions TVs will not be able to watch the content unless the colours are 

mapped towards the REC.709 gamut. 

The main aims of this project are to (i) identify the principal problems concerning the conversion 

between the new UHDTV and the old HDTV gamuts, focusing on the downgrade in order to tackle 

backward compatibility; (ii) investigate previous work relevant to this problem and apply the most 

suitable Gamut Mapping Algorithms (GMAs) to this specific case study; (iii) explore new algorithms 

to perform colour gamut conversion, designing them to work specifically for the REC.2020 and to; 

(iv) evaluate both previous and new solutions subjectively through the professional equipment pro-

vided by InSync Technology  and, where possible, objectively using a reversible transformation. 

In this White Paper, we summarise the current state of the art, and describe our initial methodology.  

Future White Papers will describe the various methods tested to improve on the relevant colour gamut 

algorithms.  

2 STATE-OF-THE-ART 

2.1 Colour Gamut 

A colour gamut represents all the realisable colours in a certain domain (e.g. using a monitor does 

not allow visualisation of all physically realisable colours). To compare different colour gamuts it is 

necessary to have a device independent colour space. In 1931 the CIE introduced the CIE XYZ colour 

space [1], which is device independent and contains all the colours visible to the human eye. Each 

colour is represented by a set of numbers named tristimulus values.  However, the primaries used (X, 

Y and Z) are not physically realisable colours. 

2.2 ITU Recommendations 

The ITU recommendations offer a clarification of the television standards, serving as a reference for 

broadcasting companies and monitor manufacturers. In each recommendation, the primaries are 

specified in CIE XYZ coordinates, thus defining the vertices of a triangle where all the legal colours 

lie.  In the following table the primaries and the reference white are listed using the x and y coordi-

nates of the CIE XYZ colour space: 
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. 

 D65 Red Green Blue 

REC.601 0.3127 ; 0.3290 0.640 ; 0.330 0.290 ; 0.600 0.150 ; 0.060 

REC.709 0.3127 ; 0.3290 0.640 ; 0.330 0.300 ; 0.600 0.150 ; 0.060 

REC.2020 0.3127 ; 0.3290 0.708 ; 0.292 0.170 ; 0.797 0.131 ; 0.046 

Table 1 - Illuminant D65 and primaries' coordinates in the CIE XYZ colour space for the SD, HD and UHD standards 

 

The reference white used in all of the recommendations is D65, which represents average daylight 

and has a corresponding colour temperature of 6500 K [2]. 

From Table 1 it can be noted that the only difference between REC.601 and REC.709 is the position 

of the green primary. However, between REC.2020 and REC.709 all the primaries are different, and 

they define a much wider triangle in the space, as shown in Figure 1. 

 

Figure  1 - CIEXYZ colour space. The gamuts indicate the legal colours for the SD, HD and UHD standards. 

2.3 Gamut Mapping Techniques 

2.3.1 Clipping Techniques 

Clipping consists of mapping colours from the source gamut that are outside of the destination gamut 

towards its outer boundary, maintaining unchanged the colours that are already inside the destination 

gamut. A fairly recent example can be found in [3]. In this paper, Masaoka et al. use the CIELAB 

colour space to find the correct hue angle to perform the mapping without changing the perceived 

hue, which results in non-linear functions in the cyan and yellow area. Then, they map the out of 

gamut colours to the REC.709 boundary following the constant hue lines, obtaining significantly 

better results than those obtained when mapping along straight lines. 
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2.3.2 Compression Techniques 

Compression algorithms consist of compressing the source gamut in order to make it fit into a smaller 

destination gamut. They normally handle the mapping of lightness and chroma separately in constant 

hue planes. 

A fairly recent example of a colour by colour compression algorithm is the SGDA (Smooth gamut 

deformation algorithm) [4], which is a variation of CARISMA [5]. In this algorithm lightness and 

chroma conversions are performed simultaneously by mapping colours towards a single point. There 

are two components to this algorithm: in the first component the point is the intersection between the 

lightness axis and the line that connects the cusps of the two gamuts in a plane of constant hue angle, 

while the second component has the point in the chroma axis, in the middle between the origin and 

the projection of the cusp in that constant hue plane. In the classic definition, these mappings are 

performed linearly.  In SGDA, however, they are performed non-linearly in order to take into con-

sideration the gamuts’ shapes instead of considering only the relationship between the gamuts on a 

single mapping path. Other techniques maintain a limited area of the destination gamut unchanged 

and map only the colours that lie outside of that area using different heuristics, or divide the source 

gamut into several regions, each one using a different mapping technique. A recent example from 

Neumann et al [6] is a modified version of a previous approach from Ito and Katoh [7], where the 

source gamut is divided into four regions: the core area, where colours are kept the same; the area 

around the cusp where each colour is mapped towards the point in the middle of the four areas; the 

region with lowest lightness where the points are mapped towards the point with maximum lightness 

of the destination gamut; and finally the brightest area, where each colour is compressed towards the 

darkest point in the destination gamut. In the modified version, the first region is a scaled version of 

the destination gamut, and the third and fourth region points map towards a point with negative 

chroma. The areas from the original technique are shown in Figure 2: 

 

Figure  2 - GMA proposed by Ito and Katoh. 
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These were only some examples of the compression GMAs surveyed in the library. Compression 

algorithms are to date the ones that have received the greatest attention due to their applications. 

2.3.3 Expansion algorithms 

Expansion algorithms have not received the same attention that reduction algorithms have due to the 

lower priority in expanding colour gamuts with respect to the opposite operation. 

Recently, ITU has released REC.2087, which defines the standard to convert REC.709 content to the 

REC.2020 gamut [8]. In the recommendation, both the case in which the colours are maintained as 

in the original content and the case in which the image is mapped from one gamut to the other are 

taken into consideration. Most of the reduction algorithms cited in the previous section can be applied 

to expansion algorithms in order to obtain an inverse transformation. An example is the work from 

Hirokawa et al. [9], where colours are mapped along lines of constant lightness with a non-linear 

function. 

2.4 Evaluation methods 

To evaluate a GMA, it is good practice to use psychovisual methods since the source and destination 

materials cannot be directly compared. The most common way to do this is MOS (Mean Opinion 

Score), which consists of asking a set of observers to rate the results achieved. 

  

Figure  3 - 'Ski' image, used for GMAs evaluation in the CIE framework. 

The framework for GMA evaluation was set by CIE in [10] ‘Guidelines for the Evaluation of Gamut 

Mapping Algorithms’. In order to test a new GMA, a reference image needs to be used (‘Ski’, shown 

in Figure 4) and two existing GMAs (HPMINDE and SGCK) need to be implemented as well. This 

is done to obtain interrelated results. 
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3 METHODOLOGY 

In our next phase of work, the focus will be on applying the most recent gamut mapping techniques 

to the problem at hand, proposing modifications to make them more suitable for it and coming up 

with alternative solutions. The requirements for the GMA that will be implemented are the following: 

the conversion must not shift the hues significantly, because the hue is the quality that best describes 

a colour: changing it would completely change the information contained in the image; the contrast 

in the image must be maintained as well, which is a constraint that needs to be addressed when the 

lightness is being mapped; the relations between the chromas in the image must also be maintained 

because the human eye perceives a colour also based on the surrounding environment; finally, com-

putational constraints must be taken into consideration: the gamut conversion will need to be 

implemented by a device during the decoding of the video, and the computational power will be 

shared by several operations as described in the REC.2020 recommendation (e.g. higher framerate 

and resolution).  

At the end of the project, following the CIE guidelines, the results obtained by each technique will 

be evaluated subjectively under the same visual conditions. This will enable us to produce consistent 

results and point out the advantages and disadvantages of each technique. 
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