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Abstract

The color handling characteristics of computer
monitors and other display devices can significantly
alter the way an image is perceived by the human
eye. Modern cameras and software applications can
create vibrant color scenes, and can specify the color
range (or gamut) of the scene with an embedded ICC
profile [1]. During presentation, differences in the
color gamut of the image and the display device
require color management to help preserve the color
fidelity of the image when shown on different
displays. Measurements of the color characteristics
of display devices is thus a topic of interest. This
paper evaluates the ability of gamut measures,
including those commonly used in industry, to
classify display gamuts using a user-contributed
dataset of ICC display color profiles, and
recommends the use of relative metrics for gamut
comparison tasks.

1. Introduction

Colour management - Color gamut is defined as
the range of colors a device can reproduce. Color
management refers to the translation of color data
from one color profile (a gamut specification) to
another. In digital imaging systems, the display
device, and the image content to be displayed, often
have different color gamuts. The underlying color
management module (CMM) is responsible for
performing color transformations to ensure the user
sees a color-correct representation of the image on
their display.

The International Color Consortium (ICC) [1]
standards define the representation and use of color
profiles. In version 2 of the standards, a display
profile can be represented with a set of color
primaries (colors that define the color spectrum of
the profile, commonly given in red, green, and blue
components), along with gamma curves and a
reference white point. A color transform defines a
conversion between an input color profile (usually
embedded in the media object) and an output profile
(usually associated with a display or operating
system setting). The color transform process is
mathematical in nature and first requires a

conversion from input to profile connection space
(PCS), and then to the output space, with gamma and
inverse- gamma operations between (Fig. 1). The
resulting transform is then applied to each pixel of
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the input media. The objective is to maintain color
accuracy across heterogeneous displays.
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Figure 1. ICC v2 color profile transform.

However, since gamut is a physical device
property, if an input color can not be physically
reproduced by the destination gamut, unavoidable
color distortion results [2], which may be perceived
by users. It is therefore important to know (a priori,
if possible) the end-user viewing conditions in which
the input media will be displayed.

Motivation- Gamut classification of display
profiles can yield valuable information on the way
color is perceived in end-user systems. Applications
that run in multiple-display environments find it
useful to detect the capabilities of each display, and
choose an appropriate color transform to deliver
color-correct content to each display device.

Internet browsers, in particular, run on multiple
platforms ranging from mobile, desktop, and high-
end devices. Browsers have to ensure images on the
Internet are displayed in accurate colors, or users will
experience different results otherwise (see different
colors). A gamut coverage metric can be useful for
comparing color profiles, and help front-end
applications, such as browsers, make better decisions
on how to represent color in end-user systems, and in
similar applications, such as the display of medical
images, where color is important.

2. Related Work

In 1996, HP and Microsoft created SRGB as the
standard color space for use on the Internet [3]. For
images that do not have an embedded ICC profile,
SRGB is used by default. It is reasonable to assume
that most content on the Internet today uses SRGB as
the color profile [4]. Modern computer monitors
have gamuts that are wider than sSRGB, and metrics
are needed to allow content providers to adjust
content gamut for these wider-gamut displays.
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Factors to consider when creating metrics of color
gamut include the color space, and a reference
profile used for gamut comparison. Note that color
gamuts are volumes, and volume computations are
slow and complex: fast metrics are required for real-
time use.

Profile RGB primaries can be represented in
various color spaces: CIE 1931 and CIE 1976 are
popular options. Ignoring luminance (brightness), a
set of three chromaticity coordinates result, defining
a triangular shape when plotted in a 2D plane. The
triangle can be used to compute the gamut area’s
coverage of the spectrum locus (the range of the
colors perceivable by the human eye) in that color
space [5].

[6] proposes a method to compute the gamut area
in CIE 1976 u'v' chromaticity coordinates, which
measures the gamut triangle area, and then divides it
by the area of the spectrum locus, from 380 nm to
700 nm, evaluated at 1 nm intervals, which is 0.1952.
Multiplying by 100 produces the gamut area
coverage as a percentage of the spectrum locus area
(called the normalized gamut area, or NGA). The
metric is then expanded to compare the profile’s
gamut with a known reference profile (SRGB, for
example). To do this, the authors compute the area of
the two gamut triangles, and the area of their
intersection, and define a single-number summary
metric [6] for comparing color gamuts:

H = aA/AZ
(D

where a is the area of intersection, A is the profile
gamut area, and AQ is the reference profile gamut
area.

But how reliable is this metric in assessing non-
inclusive profiles? Assume a reference profile with
A_0=50 (its gamut covers half the spectrum locus),
and apply the formula given two profiles with
A_1=70, a_1=50, A_2=80, a_2=35. The first profile
encompasses the reference but has a smaller gamut
than the second profile, which in turn overlaps only a
portion of the reference. The resulting metrics would
be H_1=1.4 andH_2=1.12. This suggests the first
color profile is significantly larger than the second,
which is in fact a misstatement.

The choice of CIE 1976 u'v' is also problematic.
In [7] the authors discuss the choice of CIE 1976 u'v'
and CIE 1931 xy when computing profile gamut area
coverage. They measured the gamut area of the
Adobe RGB profile (a de-facto standard in
professional color processing) [8], and the DCI-P3
profile (used in digital cinema projection systems)
[9]. These profiles have similar characteristics (the
DCI-P3 spectrum is slightly shifted towards red
[10]). However, computing area-coverage ratios in
the reference color spaces resulted in different
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values: the xy metric produced similar values for
gamut area, whereas, u'v' yielded a difference of
about 7% in favor of DCI-P3. By comparing volume-
coverage metrics in other color-appearance models,
Xy was shown to be a much better predictor of gamut
volume than u'v' for wide-gamut profiles. Additional
data on the inconsistencies between xy and u'Vv'
metrics are given in the results section.

Considering just xy metrics, [12] proposes a
relative gamut representation using NTSC (1953) as
the reference. The gamut area of the profile is
calculated in xy coordinates, and divided by the
NTSC (1953) gamut area (which is 0.1582 if
standard Illluminant C is assumed, or 0.153281 if
ICC D50 is used). The metric is called the
chromaticity area ratio (CAR):

CAR = A, /A,

where A, is the area of the profile gamut, and A,
is the gamut area of the NSTC (1953) reference
display.

Another interesting metric is the discernible color
number ratio (DCNR) [13]. DCNR aims to provide
better accuracy for display gamut comparison by
taking into account the number of perceptually
discernible object colors a monitor produces.
Methods for counting the number of discernible
colors within a gamut area are, however,
computationally complex, and very sensitive to
illumination levels, tolerance factors, and the color
difference model used: CIE76, CIE94, CIEDE2000.

In the following sections therefore, we experiment
with the lower-complexity metrics (1) and (2) to
assess their ability to classify color gamuts using the
data directly available from an ICC profile in our
measurements.

3. Implementation

The main data input will be the ICC profile
associated with each user display. The metrics will
be built based on the color primaries in the profile,
per version 2 of the specification. The primaries are
extracted from the profile connection space PCS in
XYZ coordinates with D50 white point [1].

The next step converts the XYZ coordinates of
the profile primaries to xy and u'v' color space. The
respective equations for these conversions are:
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The area for each of the resulting triangles is then
calculated. When using metrics involving an
additional reference profile, the shape corresponding
to the geometric area of intersection with the
reference profile is computed. The intersection points
for each of the 6 triangle edges are determined, and
vertices in common are selected. If the number of
vertices is greater than 2, they are sorted counter-
clockwise, and the enclosed area is computed with
the shoelace formula due to Gauss (also known as
the Surveyor’s formula):

n
1
Area = EZ(xiJ’:el - Xig¥i)
i=1
(%

The QCMS (Quick Color Management System)
library was used to parse the ICC display profiles.
QCMS is a fast and lightweight color management
library used by the Firefox and Chrome web
browsers to handle color profiles in JPEG, PNG, and
WebP images. QCMS provides API to read and
parse ICC v2 and ICC v4 profiles, and to perform
color transforms on the CPU using SIMD extensions.
We expanded the QCMS API to calculate the gamut
metrics from equations (1) and (2) in both the CIE
1931 XYZ and CIELUV color spaces, the goal being
to determine how many web users have wide-gamut
displays, and to allow Chrome developers to use the
metric logic in new browser features.

Some of our contributions were included in Skia,
which is a 2D graphics engine used by Chrome and
Firefox for drawing content on the Web. The current
work influenced the decisions to expand color
management support in Skia, and provided an
efficient implementation of the Skia color cube filter
[14] — a color cube represents RGB colors in 3D
space [15], and input colors are projected onto this
structure (in a process similar to trilinear or
tetrahedral interpolation) to produce accurate color
space conversions (color transforms). Skia also
contains GPU shaders used to apply graphical
transformations to input media on the GPU. In
future, it is expected that the significant part of the
computations for color management will take place
on the GPU using shaders.

4. Results

4.1. Single-Number Metrics

Public databases were used to gather user screen
color profiles [16-17] and ICC Taxi color profile
database. The input dataset contains about 1300
distinct profiles. The profiles were collected from
various user devices, such as desktops, laptops,
mobile phones, and other small-form factor screens.
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For the single-number summary metric (1) sRGB,
which is considered narrow-gamut [18], was used as
the reference:

u'v' area as percentage of spectrum locus

SRGB IEC61966,2.1 J

Figure 2. Profile normalized gamut area (NGA
[6]) in u'v' sorted left-to- right in ascending order.
The sRGB profile is in the middle of the chart. The
dashed line is the Adobe RGB normalized gamut
area.

Single-number summary metric (1)

Adobe RGB (1998)

Figure 3. Profile dataset metric H computed from
equation (1).

Figs. 2 and 3, visually demonstrate the effects of
including area intersection in a profile gamut metric.
The more disjoint two profiles are, the more the
metric loses its meaning. If the selected reference
profile is either too narrow, or too wide, it would
cancel out its effects, and create a chart similar to the
NGA graph. Looking at just the NGA graph, we
notice that we are dealing with a continuous interval
of values. Sorting the dataset in u'v' results in closely
packed values. The top 1% of profiles were
originally designed for uses other than computer
displays, e.g., the ProPhoto RGB profile used for
high-fidelity photographic work. The gamut of
ProPhoto RGB, and similar profiles, defines colors
that cannot be perceived by the human eye
(imaginary colors). As a result, they should be
considered an extreme case, and are excluded from
our discussions about user display viewing
conditions. It would also be unrealistic in the current
context to assume a single threshold where a color
gamut could be classified as either narrow or wide.
The next set of measurements used CAR from
equation (2) and the NTSC (1953) reference
assuming Iluminant C:
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Figure 4. The CAR metric (2) applied to the dataset
with NTSC (1953) as the reference and standard
Illuminant C [20]. The vertical axis is the metric
value expressed as a percentage.

Referring to Fig. 4, most users in this data have
SRGB-like conditions. More generally, viewing
gamuts form a continuous (rather than discrete)
range. Though the xy and u'v' graphs (see Fig. 3)
seem similar, there are some important differences.
For example, in xy space, the Adobe RGB and DCI-
P3 profiles are approximately equal (92.714% and
92.139% of NTSC area, respectively), whereas, in
the u'v' color space, the DCI-P3 area is about 10%
wider. Similar figures can be found in [19], and
recommends the use of xy space coordinates when
comparing wide-gamut color profiles.

4.2, Gamut Coverage as Scalar Triple
Product

ICC standard color profiles define a set of color
primaries for red, green, and blue. Each of these
primaries is represented in XYZ as discussed earlier
in this paper. The primaries can be thought of as
vectors in the 3-dimensional XYZ space. We can
therefore compute a geometric score for a color
profile gamut by arranging its XYZ primary
coordinates in a 3x3 matrix and calculating the
matrix determinant. The resulting value is the scalar
triple product (STP), which is the geometric volume
of the parallelepiped defined by the primary (red,
green, blue) XYZ vectors:

V' = Rgyz - Gxyz X Byyz

(6)

The scalar triple product V is invariant under
circular shifts of its operands, meaning the metric is
unchanged if we use any permutation of the color
primary vectors. Invalid profiles have a non-
invertible matrix (the matrix determinant is not
defined) and were excluded from our results.

STP can be used to compare gamut coverage of ICC
color profiles in the spectral locus defined by XYZ
color space, and plotting the metric computed from
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the display profile dataset reveals a good correlation
with CAR:

Primary Determinant (STP)
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Figure 5. Profile dataset order based on the STP
volumetric (6).

The computational cost of the STP metric is very
similar to CAR, and the close resemblance suggests
it might be a useful measure of gamut area coverage.
However, whereas CAR is based on colorimetric
principles affecting color profiles, STP is a
mathematical by-product of computing a matrix
determinant from the XYZ primaries. By
superimposing CAR over the STP volume metric,
some noise and discrepancy becomes apparent (Fig.
6).

CARvs. STP
200

150

CAR metric of STP-sorted profiles

Figure 6. Comparison of CAR and STP metrics.

STP measurement of the ICC sRGB V4
Preference display profile (available from the ICC
web-site) produced a score of 18.2% (of the NTSC
1953 STP at ICC D50). The CAR score of this
profile is above 90%, and is correct, based on visual
inspection. This observation suggests that STP can
misclassify some profiles.

5. Conclusion

Gamut classification of displays is useful for
detecting how color is perceived in end-user systems.
The paper examined the ability of gamut metrics to
classify displays using a dataset of end-user display
color profiles.
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Gamuts form a continuous range in this user
dataset, which suggests that it is not possible to
define a numerical threshold to classify display
gamuts as either narrow or wide. However, reliable
metrics of relative gamut size can be provided using
a wide-gamut reference such as NTSC (1953) in xy
space.

As a result of this work, the CAR metric has been
added to the Chrome browser. Given this display
metric, web content providers could adjust the gamut
of delivered media to ensure end-users see high-
fidelity, color-correct representations of the media on
their displays.
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