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ARTICLE INFO ABSTRACT
Keywords: In the color industry, it is vital to know the color gamut of a given device. Several tools for
Color printing gamut visualizing and comparing color gamuts are available but they each have some drawbacks.

Gamut volume
Color gamut evaluation
Color gamut visualization

Therefore, the aim of this work was to develop and validate new software for comparing the color
gamuts generated by printing devices; we also developed an automated color measurement
Gamut Comparison Index system. The software simultaneously represents the gamuts in the 3D CIELAB space. It also cal-
Color reproduction culates the Gamut Comparison Index and the volume using two algorithms (Convex Hull and
Color printing technology Alpha Shapes). To evaluate the performance of our software, we first compared the results it
obtained for the color gamuts with those from other comparison methods such as representation
in the CIE 1931 chromaticity diagram or other color spaces. Next, we used Interactive Color
Correction in 3 Dimensions (ICC3D) software to compare the gamut representations and volumes.
Our software allowed us to identify differences between color gamuts that were not discriminated
by other methods. This new software will enable the study and comparison of gamuts generated
by different printing technologies and using different printing substrates, International Color
Consortium profiles, inks, and light sources, thereby helping to achieve high quality color images.

1. Introduction

The color gamut is the set of colors that can be captured or reproduced by devices such as printers, scanners, or display units [1]
under certain observation conditions [2]; they are defined areas in the color space [3]. On printers, this gamut depends on the amount
of CMYK (cyan, magenta, yellow, and black) used, the printing technology, ink and substrate characteristics [4], and default printing
conditions [5]. The color gamut can be obtained in two ways: via an analytical method that generates models to describe the behavior
of the printer, or by an empirical method, which measures printed samples and describes the limits of the resulting gamut [6,7].

In the color industry, it is crucial to know the color gamut of a device [8]. Gamuts have been compared to examine different paper
types [9,10] or the optical properties of papers [11], printing systems [8], International Color Consortium (ICC) profiles [12], inks, or
light sources [13]. Researchers must also know the color gamut of devices to understand what colors fall outside of this range and to
study how these might be reproduced in order to optimize performance—a process termed gamut mapping [3,14]. Even when
developing new printing technologies, it is important to evaluate the color gamut in order to choose the optimal inks for use [14].

When comparing color gamuts, they must be qualitatively and/or quantitatively analyzed [10], and different factors must be
considered, including the color space used to represent them [15], their 2D or 3D graphic representation, and algorithms used to
determine their limits. In this present work we created new software to compare the color gamuts generated by printing devices. Our
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main objectives were to analyze and select the most appropriate method to determine and compare color gamuts, develop an auto-
mated color measurement system for use with samples generated by printing devices, and create and implement software to compare
these color gamuts by measuring a pattern with 1331 color samples.

Section 2 in this manuscript presents previous work on the visualization of color gamuts, the main mathematical algorithms used to
determine their limits, and some previous programs developed for their representation. Section 3 establishes the methodology we used
to obtain and compare gamuts and to develop the software. Section 4 describes the characteristics of the new software and summarizes
the results we obtained when testing it. Finally, we summarize our findings in Section 5.

2. Background and related work
2.1. Color gamut visualization

The choice of the color space used to reproduce the gamut is important because different spaces provide different visual sensations
when representing the same gamut [15]. The CIELAB color space is not perceptually uniform [16], but it resembles the way humans
perceive color. For the average observer, equal distances between L*, a*, and b* correspond to roughly equal differences in color [14],
but this color space will over-predict color differences in high-chroma regions [17]. Furthermore, CIELAB is independent of the device
used [5].

The 2D space of the CIE-1931 chromaticity diagram is traditionally used to evaluate color gamuts [6]. These represent the primary
(cyan, magenta, and yellow; CMY) and secondary colors (red, green, and blue) of subtractive mixtures and link them by straight lines.
A similar alternative to measure the gamut volume also represents black and white to form a polygon [4]. Another option is the
representation of the gamut in the CIELAB space with constant luminosity and chroma (L* and Cy,*), varying the tone (h,p*) or
observing the projection in different planes a*-b* [12,18]. However, these representations only give a general idea of the gamut and
lose a lot of information [5,13].

The color gamut is a 3D volume [6,9,19] and so researchers have started to represent it as colored solids [20] or point clouds [12,
21]. Moreover, calculating the gamut volume provides important information as it expresses how much of color space it contains [10,
22]. Therefore, some authors combine the 3D representation of the gamut with the calculation of its volume [2,10,19,23]. This allows
them to perform a qualitative analysis by studying the 3D figures and a quantitative analysis by using the volume [10]. Color gamuts
can be compared by simultaneously representing them in the same coordinate system [7,15], with CIELAB being the space most often
used for this purpose [11,24,25]. Thus, the solid obtained from the difference of two gamuts can be generated [20] or the volume
remaining at their intersection calculated [2].

2.2. Algorithms for gamut boundary determination

To calculate the color gamut volume, we must first determine its limits. This can be achieved using different mathematical al-
gorithms; some of the best known such algorithms are described below.

2.2.1. Convex hull algorithm

The convex hull of a set of points is the smallest convex polyhedron that contains all the points [26]. The structure it forms has no
concave areas, which results in a volume overestimation of approximately 10% [27]. The convex solid algorithm can be used with any
number of samples without needing to know the CMYK values used [4]. The main problem of this algorithm is that its gamut boundary
descriptors (the points that define these boundaries) are not distributed uniformly on the surface, making the gamut mapping difficult
[25,26].

2.2.2. Alpha shape algorithm

Cholewo and Love [3] proposed building color gamuts using the alpha shape—a generalization of the convex hull algorithm
applicable to non-convex solids. The alpha shape builds the gamut based on Delaunay’s triangulation [3] in which a parameter «a is
used to determine which tetrahedra will shape the final structure. In three-dimensions, a simplex belongs to the alpha shape of a set of
points when there exists a sphere of radius @ which does not contain any points of the set and which has the property that all vertices of
this simplex lie on its boundary [3]. The major challenge with alpha shapes is the choice of @, as « value that is too large runs the risk of
overestimation and a value that is too small can result in false concavities. Researchers must find the value of the parameter that
connects the largest number of tetrahedra without leaving gaps in the final structure. Bakke et al. proposed that the best @ would be the
one with the highest value so that the final volume will be equal to or less than 90% of that obtained with the convex hull algorithm
[27]. The disadvantage of this algorithm is that it can be difficult to implement, although it can be used to obtain optimal visualization
and approximation of the gamut volume by interactively adjusting the value of a [27].

2.2.3. Segment maxima gamut boundary descriptors

In this method the color space is divided into different segments according to its hue and brightness. The points in each segment
furthest from the center of the gamut are joined by triangulation [28]. The problem is that the error in determining the limits of the
more saturated areas increases with respect to less saturated areas [26]. This method is widely used for gamut mapping, to build ICC
profiles, and for other applications in the color industry [26].
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2.2.4. Irregular segmentation algorithm

The irregular segmentation algorithm was developed to solve the problem of the segment maxima gamut boundary descriptors.
This algorithm calculates more gamut descriptors in the high saturation areas, thereby increasing precision and creating a fast al-
gorithm [26].

2.3. Programs for the 3D representation of color gamuts

Tools and techniques for the visualization of color gamuts have been under development for many years [14,18,29]. Several are
implemented in C, Java3D [12], JavaScript [3], and MATLAB [30], with some of the most important being ColorThink (CHROMiX)
[31], GamOpt (Hewlett Packard Enterprise) [14], Gamutvision (Imatest LLC) [32], Perfx 3D gamut viewer (TGLC Inc.) [33], and
ICC3D (Interactive Color Correction in 3 Dimensions; NTNU) [7]. Most allow the representation and comparison of 3D gamuts [5,14,
32,33], calculation of their volume [5], evaluation of ICC profiles [32-34], and even their manipulation for their optimization [14].

However, most of these programs are now quite old, which generates some problems for their use. For example, GamOpt is not
available for public use and ColorThink is monetized, limiting its use. Gamutvision and Perfx 3D gamut viewer only allow the visu-
alization of gamuts from ICC profiles and so are not useful for color measurement series. ICC3D is the only program capable of rep-
resenting and comparing gamuts generated by printing technologies, but it is unintuitive, generates low resolution 3D figures, and its
figure representation time is slow.

3. Materials and methods
3.1. Method for comparing color gamuts: color spaces and algorithms for determining color gamut boundaries and volumes

To thoroughly compare different gamuts, we simultaneously represented them in three dimensions in the CIELAB color space [6,9,
19] and calculated their volumes [10]. That color space has limitations in terms of perceptual uniformity, but it is often used for gamut
visualization [16]. We used nearest neighbor interpolation to generate the limits of the gamuts from the color measurements because
this type of analysis enables 3D data interpolation and requires very little processing time [35]. This method assigns the value of the
nearest point to the point we wish to interpolate, without varying the original values too much [36]. In addition, the interpolation is
independent of the concavity or convexity of the figure [30]. Alternatively, both the convex hull and alpha shapes algorithms were
used to calculate the limits of the gamuts and the volumes.

The gamut volume alone allows a comparison of the gamut size, but not whether the gamuts intersect sufficiently to meet the
reproduction purposes. This can be achieved by visual comparison of the two gamut volumes in a 3D representation, but it is also useful
to have a single-number value, which enables this comparison to be calculated from the volumes of the two gamuts. Deshpande et al.
[37] proposed a number of metrics for comparing and analyzing two color gamuts. We have implemented this metrics in our software.
The primary metric is the Gamut Comparison Index (GCI), which quantifies the similarity between gamuts. It can be calculated by the
following equation:

Vi\ (Vi
et = (V) (Vy) W

In Eq. (1), Vy and Vy are the volumes of two color gamuts, x and y respectively, and V; is the volume of intersection of the two
gamuts. This value ranges from 0 for no match to 1 for an exact match between the gamuts.

In addition to the GCI, the following metrics were calculated: the gamut volume ratio [Vy/V,], which compares the sizes of two
gamuts without considering their intersection; and the out-of-gamut volume, which gives the fraction of one gamut volume lying

Fig. 1. Experimental set-up for obtaining the color gamuts. Automated displacement modules were used inside the light cabinet; a spectroradi-
ometer, sample pattern, and computer used for these measurements.



A.B. Ldpez-Baldomero et al. Optik 261 (2022) 169194

outside another gamut: how much of gamut x is outside the gamut y [(V,—V})/V,], and how much of gamut y is outside the gamut x
[(Vy—Vd/Vy] [37].

3.2. Obtaining the color gamuts

Data for the printer color gamuts were obtained from a printed pattern with 1331 color samples using a spectroradiometer
(PhotoResearch SpectraScan PR-670, Photo Research Inc., Los Angeles, USA). These samples were obtained by varying the CMY colors
of the printer from 0 to 100 units in 10-unit steps, and were measured in a light cabinet (VeriVide CAC 120, VeriVide, Leicester, UK)
with diffuse/0° geometry and a light source that simulates the CIE standard illuminant D65. The sample pattern was placed at 45° on a
stand mounted on a linear displacement module which, in turn, was mounted on a second module (Zaber, Zaber Technologies,
Vancouver, Canada), with a displacement axis perpendicular to the first one (Fig. 1). The aforementioned displacement modules and
our in-house software were used to automatically measure the color of each of the 1331 samples.

The printed pattern was designed to include all possible samples on A4 size paper, using a sample size adapted to the aperture of the
spectroradiometer (0.5°). The size of the aperture determines the exposure time of the detector: the smaller the aperture size, the longer
the sample measurement time, which increases the uncertainty in the results. After several previous tests, the optimum sample size and
number of color samples was selected in order to obtain the most chromatic information from the printer gamut in the shortest viable
time (almost 8 h). The measurement geometry is similar to that used by an observer viewing printed samples (diffuse/0°). All the
gamuts are compared using the same measurement geometry and light source.

We obtained the color gamut provided by both an inkjet printer (Epson XP-530, Seiko Epson Corporation, Nagano, Japan) and a
laser printer (Canon iR-ADV C2020i, Canon Inc., Tokyo, Japan), using two brands of matte photo paper: 167 g/m? Epson (Seiko Epson
Corporation, Nagano, Japan) and 190 g/m? Ice Professional (Paper Elements Ltd, Nottinghamshire, UK). Therefore, we obtained a
total of four different color gamuts.

3.3. Development of the new software

We used MATLAB (MATLAB R2020a, The MathWorks, Inc., Natick, Massachusetts, USA) to develop the new software described in
this work. First, we represented a color gamut in the CIELAB space. Next, we simultaneously generated two gamuts. We then created a
graphical user interface that allowed interactive control of the gamuts and calculation of their volume. Finally, we optimized the
interface by correcting errors and improving the code to increase the speed of the graphic representation. The input data for our
program were the colorimetric coordinates L* , a* , and b* for each sample, which were calculated from the spectral radiances, and the
quantities of CMY used to generate each one.

To test our software, we compared the color gamuts for each printing technology and paper used. To do this, first we compared the
gamuts by representing them in 3D xyY color space and we then represented them in the CIE 1931 chromaticity diagram. Finally, we
checked the colorimetric coordinates at various points on the gamuts and compared the results with the gamut comparison we ob-
tained from our new software. We also used ICC3D (ICC3D 1.2.9) to compare the 3D representations of overlapping color gamuts and
the volume values obtained with those obtained in our program. We used ICC3D because this is the only software that allows manual
data entry and the generation of the gamut volumes with the two algorithms we used [7,38].

Dotted line (**): Inkjet Ice D65
GCl (alpha = 40): 0.27515 Continuous line (—): Laser Ice D65 Options
V1N2: 1.7258

Gamut 1 outof 2: 060071 | 1007 Figure 1
Gamut 2 out of 1: 0.3109
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Fig. 2. Comparison of two color gamuts using the GamutLab_3D program. The dotted white line corresponds to the inkjet printer while the
continuous black line represents the laser printer, in both cases when using Ice brand paper.
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4. Experimental results and discussion
4.1. GamutLab_3D software

The interface of our GamutLab_3D software is divided into three zones: on the left we have a panel with the GCI value, the gamut
volume ratio, the out-of-gamut volumes, and two editable text boxes to choose the « value used to represent each figure; on the right, a
panel with the control buttons and volume values rounded to thousands [22] in cubic CIELAB units; and in the middle, the axes where
the figures are represented. The buttons on the interface can be used to independently or simultaneously generate two color gamuts in
the 3D CIELAB color space. These gamuts are generated by nearest neighbor interpolation, convex hull, and/or alpha shapes algo-
rithms. An alpha shape radius a of 40 is used in this work to represent the figures and calculate de GCI value (and other metrics), as it is
recommended by the ISO/TS 18621-11:2019 [16], but it is possible to adjust this value.

The simultaneous representation of the color gamuts obtained with our software for the two types of printers with the Ice brand
paper is shown in Fig. 2. The gamuts had different degrees of transparency and the line styles forming the surfaces were different, with
continuous black lines representing the laser printer and dotted white lines showing the inkjet printer. This allowed us to differentiate
the two gamuts and see when one exceeded the other. In this case, the laser printer gamut was somewhat above the inkjet printer
gamut for the yellow and yellow-green colors, while that of the inkjet printer was greater for the green and blue colors. This software
also allows interactive 3D rotation of the gamuts so that they can be compared from different points of view. The gamut colors are
distributed according to the area of the color space. Finally, a legend is shown at the top of the representation to indicate which figure
corresponds to each data set.

4.2. Software testing

To test the GamutLab_3D software, we compared the results obtained by studying the color gamuts with those extracted by rep-
resenting the gamuts individually in the 3D xyY space, in the CIE 1931 chromaticity diagram, and by studying the colorimetric co-
ordinates at various points of the gamuts.

By comparing the 3D representation in the xyY space individually, we obtained the following analysis which showed that the gamut
surface produced by the laser printer was rougher compared to the one from the inkjet printer (Fig. 3. A), especially in the dark blue-
magenta area. Similar results were obtained with our software (Fig. 3. B), although we also saw these peaks in the green colors. The
conclusions about the gamut surfaces were the same both for the xyY and CIELAB color spaces.

We then studied the colorimetric coordinates at some points in the gamut and compared the results for each type of paper and
printing technology. Very similar results were obtained for the inkjet printer with the different papers, although the Epson paper
provided the greatest gamut in the reds while the gamut in the blues was highest for Ice paper (Tables 1 and 2).

When comparing both gamuts with our program, we saw that the shapes of the figures were nearly identical, making them difficult
to compare because their colors were the same. To avoid this, we modified the code slightly to change the color of the Epson paper
gamut to make it red (Fig. 4). As shown, the blue-cyan-magenta gamut was greater for the Ice brand paper, while for the Epson paper it
was wider for the other colors, although the differences between the two gamuts were minimal. In these cases, the comparison by
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Fig. 3. Color gamut obtained in (A) the xyY color space and (B) the CIELAB space. Both were obtained using Epson brand paper and the
laser printer.
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Table 1
x and y coordinates for the primary colors of cyan (C), magenta (M), and yellow (Y) and for the extremes of the color gamut of the inkjet printer when
using Epson brand paper.

Inkjet - Epson X y C M Y
Magenta 0.5235 £ 0.0015 0.2673 £ 0.0015 0 100 0
Yellow 0.4862 + 0.0015 0.4870 + 0.0015 0 0 100
Cyan 0.1795 £ 0.0015 0.2635 £ 0.0015 100 0 0
Red (max. x) 0.5925 £+ 0.0015 0.3406 + 0.0015 0 80 100
Green (max. y) 0.3511 £ 0.0015 0.5573 £ 0.0015 60 0 100
Light blue (min. x) 0.1704 £ 0.0015 0.2413 £ 0.0015 100 30 0
Dark blue (min. y) 0.2438 £+ 0.0015 0.1835 £+ 0.0015 100 100 0
Table 2

x and y coordinates for the primary colors of cyan (C), magenta (M), and yellow (Y) and for the extremes of the color gamut of the inkjet printer when
using Ice brand paper.

Inkjet - Ice X Y C M Y
Magenta 0.4884 + 0.0015 0.2532 + 0.0015 0 100 0
Yellow 0.4817 + 0.0015 0.4883 + 0.0015 0 0 100
Cyan 0.1822 + 0.0015 0.2617 + 0.0015 100 0 0
Red (max. x) 0.5760 + 0.0015 0.3408 + 0.0015 0 80 100
Green (max. y) 0.3535 + 0.0015 0.5547 + 0.0015 60 0 100
Light blue (min. x) 0.1720 £+ 0.0015 0.2436 + 0.0015 100 30 0
Dark blue (min. y) 0.2344 £+ 0.0015 0.1763 £+ 0.0015 100 100 0

volume is particularly important. We can see that, with both algorithms, the color gamut obtained with Epson paper was greater than
that from the Ice paper (Fig. 4). In addition, the GCI value shows that 81% of the two gamuts are identical. This metric provides an
objective value that can be used to compare two color gamuts and quantify the difference between them [37].

Thus, our program helped to distinguish small differences between two color gamuts that other comparison methods, especially the
individual study of color coordinates and gamuts in the 3D xyY space, did not perceive.

When comparing the colorimetric coordinates for the laser printer, the Ice brand paper had a greater gamut in magenta, blue, cyan,
and green, and in this case a greater difference between the two types of paper was detected (Tables 3 and 4).

Thus, the two figures obtained by our program were remarkably similar. The Ice brand paper provided a greater gamut in the green,
cyan, blue, and purple, while the Epson gamut was greater for yellow, orange, and magenta. In contrast to the outcome for the inkjet
paper, comparison of the volumes obtained with the two algorithms showed that the gamut with the Ice paper was higher. In this case,
the information obtained by using GamutLab_3D software was more complete than that obtained from studying the colorimetric
coordinates and the individual representation of gamuts in the xyY space. This was because we were able to see exactly which areas of
the color space of one gamut exceeded the other.

When using the colorimetric coordinates to compare the two devices for the same type of paper, the laser printer produced a smaller

Dotted line (-**): Inkjet Ice D65
GCl (alpha = 40): 0.81126 Continuous line (—): Inkjet Epson D65 Options
V1N2: 0.92637

Gamut 1 out of 2: 0.064193 100 Figure 1
Gamut 2 out of 1: 0.13309

Alpha1= 40 90 Figure 2
Alpha2= 40 80 - Convex Hull 1
Convex Hull 2
70
Alpha Shape 1
¥y 60
Alpha Shape 2
50
Clean
407 VOLUME
30 Convex Hull 1: 280000
Convex Hull 2: 298000
Alpha Shape 1: 254000
20 Alpha Shape 2: 274000
100

Fig. 4. Comparison of two color gamuts using the GamutLab_3D program. The gamut obtained using the inkjet printer with Epson paper is rep-
resented in red while the gamut obtained with Ice paper and the inkjet printer is shown in different colors.
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Table 3
x and y coordinates for the primary colors of cyan (C), magenta (M), and yellow (Y) and for the extremes of the color gamut of the laser printer when
using Epson brand paper.

Laser - Epson X y C M Y
Magenta 0.4751 + 0.0015 0.2754 + 0.0015 0 100 0
Yellow 0.4420 + 0.0015 0.5056 + 0.0015 0 0 100
Cyan 0.2022 + 0.0015 0.2440 + 0.0015 100 0 0
Red (max. x) 0.5247 £+ 0.0015 0.3198 £+ 0.0015 20 100 100
Green (max. y) 0.4165 + 0.0015 0.5067 + 0.0015 30 0 100
Light blue (min. x) 0.1881 + 0.0015 0.2352 + 0.0015 100 30 20
Dark blue (min. y) 0.2260 + 0.0015 0.2205 £+ 0.0015 100 80 0
Table 4

x and y coordinates for the primary colors of cyan (C), magenta (M), and yellow (Y) and for the extremes of the color gamut of the laser printer when
using Ice brand paper.

Laser - Ice X y C M Y
Magenta 0.4806 + 0.0015 0.2653 + 0.0015 0 100 0
Yellow 0.4411 £ 0.0015 0.5093 + 0.0015 0 0 100
Cyan 0.1900 + 0.0015 0.2281 + 0.0015 100 0 0
Red (max. x) 0.5224 + 0.0015 0.3172 + 0.0015 20 100 90
Green (max. y) 0.3919 + 0.0015 0.5120 + 0.0015 50 10 100
Light blue (min. x) 0.1755 + 0.0015 0.2192 + 0.0015 100 30 20
Dark blue (min. y) 0.2196 + 0.0015 0.2037 + 0.0015 100 80 0

gamut in magenta, blue, green, and red (Tables 1-4). Using our new software, we saw that the laser printer generated a wider color
gamut for cyan, light green, and yellowish-green with Epson brand paper, while the inkjet printer generated a wider gamut in blues,
greens, oranges, reds, and magentas (Fig. 5). When we compared the volumes, the gamut obtained with the inkjet printer was greater.

We reached the same conclusion regarding the distribution and volumes of the gamuts as we had as with the Epson brand paper
when we compared the two printing systems with the Ice brand paper; the difference in volume of the two figures was greater in the
former than for the Ice brand paper. Therefore, based on the analysis with our new GamutLab_3D software, we concluded that a larger
color gamut was obtained with the inkjet printer compared to the laser printer. Finally, when we represented the CMY primary colors
and the secondary colors (red, green, and blue) in the CIE 1931 chromaticity diagram and joined the points to form a hexagon (Fig. 6),
we obtained near identical results to those from our analysis of the chromaticity coordinates.

In the second part of our software testing, we used the ICC3D program, which allowed us to represent gamuts not only in the
CIELAB space, but also in many other color spaces, either individually or simultaneously. In addition to the alpha shapes and convex
hull algorithms, ICC3D can also implement other algorithms to generate the gamut and calculate its volume.

First, we used the same data to represent the overlapping color gamuts in the CIELAB space. Because ICC3D does not use inter-
polation to calculate the surface of the gamut, we compared the figures it obtained with those from our program in a simple way by
using the Quantized option for one of the figures to represent the points of the color space as spheres. We used alpha shapes in the other
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GCl (alpha = 40): 0.19621 Continuous line (—): Laser Epson D65
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Gamut 1 out of 2: 0.69964 Figure 1
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Fig. 5. Comparison of two color gamuts using the GamutLab_3D program. The white dotted line corresponds to the inkjet printer while the black
continuous line represents the laser printer, both using Epson brand paper.
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Fig. 6. Comparison of color gamuts in the CIE 1931 chromaticity diagram. The white line corresponds to the inkjet printer and the black line to the
laser printer for (A) Ice and (B) Epson brand paper.

gamut because this is the most precise algorithm available in ICC3D [27,37]. Fig. 7.A shows the results obtained with ICC3D when
comparing the gamuts produced with Ice photo paper on the inkjet printer (represented with alpha shapes) and the laser printer
(shown as spheres). Fig. 7.B shows the same comparison generated by interpolation with our GamutLab_3D program. Both compar-
isons were remarkably like those previously noted for the Epson paper.

Second, we compared the volume and figures generated separately with the alpha shapes and convex hull algorithms. Comparing
the volumes obtained with our software and the ICC3D program, the maximum difference was 0.012%, with an average difference of
0.00041%. Therefore, we can consider that with our software we obtain volume values similar to those obtained with the ICC3D
program.

The figures generated with ICC3D were nearly identical to those obtained with our software, both for the alpha shapes and convex
hull algorithms (Fig. 8).

Comparison of the color gamuts produced by the two programs highlighted some of their advantages and disadvantages. ICC3D is a
fairly old program which therefore produces figures with a relatively poor resolution. In addition, the program is not intuitive and so it
is quite hard to compare two color gamuts using it. Rendering the figure representations also takes too much time and they do not move
well when rotated in 3D; indeed, sometimes the program does not even respond. Another disadvantage is that the representation in
CIELAB does not have numbered axes, making it impossible to know the value of a* , b* , or L* . However, our program also has some
limitations including the fact that it does not contain all the ICC3D display modes and it lacks the segment maxima method, although
the latter is not a problem because the accuracy of this algorithm for saturated colors is low [26]. Finally, our program is not suitable
for gamut mapping, although this was not our objective when developing this software.

5. Conclusions

The best way to determine and compare two color gamuts is their simultaneous representation in the 3D CIELAB space. In addition,
comparison of their volumes is also vital when trying to select the largest gamut among several similar ones. We developed an
automated color measurement system for use with samples generated by printing technologies. New software to compare gamuts
generated by printing devices under the conditions described above was also programmed and tested. This software allows researchers
to distinguish differences between gamuts that are not detectable by other methods, thereby obtaining more complete information.
This new software will facilitate the study and comparison of gamuts generated by different printing technologies, and with different
printing substrates, default printing conditions, ink characteristics, lighting conditions, and ICC profiles. It also allows the gamuts to be
compared after ink undergoes an aging or drying process which may help researchers understand the conditions under which the best
possible image can be obtained in terms of color.
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Fig. 7. Comparison of the gamuts obtained with the laser printer and the inkjet printer, using Ice brand paper, (A) with the ICC3D program and (B)
with the GamutLab_3D software.
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Fig. 8. Figures obtained with the alpha shapes algorithm (A) using the ICC3D program and (B) our GamutLab_3D software for the laser printer
gamut using Epson brand paper and an alpha radius of 40 in both cases.



A.B. Ldpez-Baldomero et al.

Optik 261 (2022) 169194

influence the work reported in this paper.

Acknowledgment

Ana Belén Lopez-Baldomero thanks the University of Granada for the pre-doctoral contract (Training Programme for Research

Staff, FPU). The authors would like to acknowledge the Optics Group (FQM151, University of Granada) for support. Funding for open
access charge: University of Granada/CBUA.

References

[1

—

[2]
[3]

[4

=

[5]
[6]
[71

[8

[}

[91
[10]
[11]
[12]
[13]
[14]
[15]

[16]
[17]

[18]
[19]
[20]
[21]

[22]
[23]

[24]

[25]
[26]

[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]
[37]

[38]

J.S. Setchell, Colour description and communication, in: J. Best (Ed.), Colour Des. Theor. Appl., Woodhead Publishing Limited, Oxford, 2012, pp. 219-253,
https://doi.org/10.1533/9780857095534.2.219.

C. Li, M.R. Luo, C. Li, G. Cui, The CRI-CAMO02UCS colour rendering index, Color Res. Appl. 37 (2012) 160-167, https://doi.org/10.1002/col.20682.

T.J. Cholewo, S. Love, Gamut boundary determination using alpha-shapes, in: Color Imaging Conf., Society for Imaging Science and Technology, Arizona, 1999,
pp. 200-204.

R. Balasubramanian, E. Dalal, Method for quantifying the color gamut of an output device, in: Color Imaging Device-Independent Color. Color Hard Copy,
Graph. Arts II, SPIE, California, U.S.A, 1997, pp. 110-116, https://doi.org/10.1117/12.271580.

N. Johansson, Printing colour hard proofs using EFI Colorproof XF v.3.1 and Photoshop CS3, and Production Substrates, Dalarna University,, 2009.

P. Green, L.W. MacDonald, Colour Engineering: Achieving Device Independent Colour, John Wiley & Sons,, Chichester, 2002.

I. Farup, J.Y. Hardeberg, A.M. Bakke, S. Kopperud, A. Rindal, Visualization and interactive manipulation of color gamuts, in: Color Imaging Conf., Society for
Imaging Science and Technology, 2002, pp. 250-255.

E. Perales, E. Chorro, V. Viqueira, F. Martinez-Verdd, S. Otero, V. De Gracia, New method for comparing colour gamuts among printing technologies, Imaging
Sci. J. 56 (2008) 145-152, https://doi.org/10.1179/174313108x281308.

Y.G. Yang, Q.Z. Gao, F.P. Liu, Effects of paper properties on printing dot gain and color gamut, in: Adv. Mater. Res., Trans Tech Publications, Switzerland, 2011,
pp. 1238-1241, https://doi.org/10.4028/www.scientific.net/AMR.236-238.1238.

E. Perales, F.M. Martinez-Verdd, V. Viqueira, J. Fernandez-Reche, J.A. Diaz, J. Uroz, Comparison of color gamuts among several types of paper with the same
printing technology, Color Res. Appl. 34 (2009) 330-336, https://doi.org/10.1002/c0l.20506.

Y. Li, X. Cui, S. Zhang, Q. Sun, C. Liu, Effect of paper optical characteristics on tonal gradation reproduction in inkjet printing, in: Adv. Graph. Commun. Packag.
Technol. Mater., Springer, Singapore, 2016, pp. 453-459, https://doi.org/10.1007/978-981-10-0072-0.

S.X. Zhao, Implementing an ICC Printer Profile Visualization Software, Rochester Institute of Technology,, 2001. (https://scholarworks.rit.edu/theses/3741/).
P. Doll, 3-Dimensional color gamut quantification and comparison, in: NIP Digit. Fabr. Conf., Society for Imaging Science and Technology, 2001, pp. 804-807.
D. Kalra, GamOpt: A Tool for Visualization and Optimization of Gamuts, in: Color Hard Copy Graph. Arts III, International Society for Optics and Photonics,
California, U.S.A., 1994, pp. 297-304, https://doi.org/10.1117/12.175318.

R. Zhu, Z. Luo, H. Chen, Y. Dong, S.T. Wu, Realizing Rec 2020 color gamut with quantum dot displays, Opt. Express 23 (2015) 23680-23693, https://doi.org/
10.1364/0e.23.023680.

ISO/TC130, Technical Specification ISO/TS 18621-11 Image quality evaluation methods for printed matter - Part 11: Color gamut analysis, Switzerland, 2019.
G. Sharma, C.E. Rodriguez-Pardo, The dark side of CIELAB, Color Imaging XVII Displaying, Process. Hardcopy, Appl. 8292 (2012) 82920D-1-82920D-10,
https://doi.org/10.1117/12.909960.

P.K. Robertson, Visualizing Color Gamuts: A User Interface For The Effective Use Of Perceptual Color Spaces In Data Displays, IEEE Comput. Graph. Appl. 8
(1988) 50-64, https://doi.org/10.1109/38.7761.

D. Tutak, H.N. Beytut, A. Ozcan, Investigation of the effects of different ink density values on color gamut in offset printing, J. Graph. Eng. Des. 9 (2018) 23-28,
https://doi.org/10.24867/JGED-2018-1-023.

S.B. Bolte, A perspective on non-impact printing in color, in: Color Hard Copy Graph. Arts, International Society for Optics and Photonics, California, U.S.A.,
1992, p. 2, https://doi.org/10.1117/12.2322229.

J. Fernandez-Reche, J. Uroz, J.A. Diaz, A. Garcia-Beltran, Color reproduction on inkjet printers and paper colorimetric properties, in: Color Imaging IX Process.
Hardcopy, Appl, SPIE, California, U.S.A, 2004, pp. 101-109, https://doi.org/10.1117/12.526511.

J. Morovi¢, Color Gamut Mapping, John Wiley & Sons,, Barcelona, Spain, 2009, https://doi.org/10.1002/9780470758922.

Y. Ding, R. Shamey, L. Parrillo-Chapman, H.S. Freeman, Pretreatment effects on pigment-based textile inkjet printing — colour gamut and crockfastness
properties, Color. Technol. 135 (2019) 77-86, https://doi.org/10.1111/cote.12377.

Y. Ding, L. Parrillo-Chapman, H.S. Freeman, A study of the effects of fabric pretreatment on color gamut from inkjet printing on polyester, J. Text. Inst. 109
(2018) 1143-1151, https://doi.org/10.1080,/00405000.2017.1415623.

H.-S. Chen, H. Kotera, Three-dimensional gamut mapping method based on the concept of image dependence, J. Imaging Sci. Technol. 46 (2002) 44-52.
Z.Yin, J. Yongwen, L. Maohai, A new device color gamut boundary description algorithm based on irregular segmentation, Color Res. Appl. 42 (2017) 173-181,
https://doi.org/10.1002/co0l.22052.

A.M. Bakke, I. Farup, J.Y. Hardeberg, Evaluation of algorithms for the determination of color gamut boundaries, J. Imaging Sci. Technol. 54 (2010) 50502-
1-50502-11, https://doi.org/10.2352/J.ImagingSci.Technol.2010.54.5.050502.

J. Morovi¢, M.R. Luo, Calculating medium and image gamut boundaries for gamut mapping, Color Res. Appl. 25 (2000) 394-401, https://doi.org/10.1002/
1520-6378(200012)25:6<394::AID-COL3>3.0.CO;2-Y.

G.W. Meyer, L.S. Peting, F. Rokoczi, A Color Gamut Visualization Tool, in: Color Imaging Conf., Society for Imaging Science and Technology, Phoenix, Arizona,
1993, pp. 197-201.

G.J. Braun, M.D. Fairchild, Techniques for Gamut Surface Definition and Visualization, in: Color Imaging Conf., Society for Imaging Science and Technology,
Arizona, 1997, pp. 147-152.

S. Upton, CHROMIiX ColorThink, Seattle, Washingt, 1998. (https://www.chromix.com/colorthink/) (accessed 15 June 2020).

N. Koren, H. Koren, I. Longton, R. Sumner, T. Cumby, P. Romancyzk, A. Fager, Gamutvision, n.d. (http://www.gamutvision.com/) (accessed 15 June 2020).
TGLC Inc, PerfX 3D Gamut Viewer User Guide, 2004: 1-5. (http://perfx-3d-gamut-viewer.sharewarejunction.com/).

V. Kamenov, V. Ivanov, ICC printer profiles research with Color Think Pro software as a method for color management education, Eng. Des. Mag. 1 (2013)
109-112.

A. Savagave, A.B. Patil, Study of image interpolation, Int. J. Innov. Sci. Eng. Technol. 1 (2014) 529-534.

F.J. Sanchez Menéndez, Georreferenciacion de Cartografia: Datos Raster y Vectoriales, EOGIS S. L (2009).

K. Deshpande, P. Green, M.R. Pointer, Metrics for comparing and analyzing two colour gamuts, Color Res. Appl. 40 (2015) 465-471, https://doi.org/10.1002/
c0l.21930.

X. Li, M. Zhu, M. Yin, Gamut Testing of EPSON Stylus Photo R270 Color Ink-Jet Printer by ICC 3D, in: P. Zhao, Y. Ouyang, M. Xu, L. Yang, Y. Ouyang (Eds.),
China Acad. Conf. Print. Packag. Media Technol., Springer, Singapur, 2016, pp. 41-47, https://doi.org/10.1007/978-981-10-3530-2.

10


https://doi.org/10.1533/9780857095534.2.219
https://doi.org/10.1002/col.20682
http://refhub.elsevier.com/S0030-4026(22)00548-4/sbref3
http://refhub.elsevier.com/S0030-4026(22)00548-4/sbref3
https://doi.org/10.1117/12.271580
http://refhub.elsevier.com/S0030-4026(22)00548-4/sbref5
http://refhub.elsevier.com/S0030-4026(22)00548-4/sbref6
http://refhub.elsevier.com/S0030-4026(22)00548-4/sbref7
http://refhub.elsevier.com/S0030-4026(22)00548-4/sbref7
https://doi.org/10.1179/174313108&times;281308
https://doi.org/10.4028/www.scientific.net/AMR.236-238.1238
https://doi.org/10.1002/col.20506
https://doi.org/10.1007/978-981-10-0072-0
https://scholarworks.rit.edu/theses/3741/
http://refhub.elsevier.com/S0030-4026(22)00548-4/sbref13
https://doi.org/10.1117/12.175318
https://doi.org/10.1364/oe.23.023680
https://doi.org/10.1364/oe.23.023680
https://doi.org/10.1117/12.909960
https://doi.org/10.1109/38.7761
https://doi.org/10.24867/JGED-2018-1-023
https://doi.org/10.1117/12.2322229
https://doi.org/10.1117/12.526511
https://doi.org/10.1002/9780470758922
https://doi.org/10.1111/cote.12377
https://doi.org/10.1080/00405000.2017.1415623
http://refhub.elsevier.com/S0030-4026(22)00548-4/sbref24
https://doi.org/10.1002/col.22052
https://doi.org/10.2352/J.ImagingSci.Technol.2010.54.5.050502
https://doi.org/10.1002/1520-6378(200012)25:6<394::AID-COL3>3.0.CO;2-Y
https://doi.org/10.1002/1520-6378(200012)25:6<394::AID-COL3>3.0.CO;2-Y
http://refhub.elsevier.com/S0030-4026(22)00548-4/sbref28
http://refhub.elsevier.com/S0030-4026(22)00548-4/sbref28
http://refhub.elsevier.com/S0030-4026(22)00548-4/sbref29
http://refhub.elsevier.com/S0030-4026(22)00548-4/sbref29
http://refhub.elsevier.com/S0030-4026(22)00548-4/sbref30
http://refhub.elsevier.com/S0030-4026(22)00548-4/sbref30
http://refhub.elsevier.com/S0030-4026(22)00548-4/sbref31
http://refhub.elsevier.com/S0030-4026(22)00548-4/sbref32
https://doi.org/10.1002/col.21930
https://doi.org/10.1002/col.21930
https://doi.org/10.1007/978-981-10-3530-2

	New software for comparing the color gamuts generated by printing technologies
	1 Introduction
	2 Background and related work
	2.1 Color gamut visualization
	2.2 Algorithms for gamut boundary determination
	2.2.1 Convex hull algorithm
	2.2.2 Alpha shape algorithm
	2.2.3 Segment maxima gamut boundary descriptors
	2.2.4 Irregular segmentation algorithm

	2.3 Programs for the 3D representation of color gamuts

	3 Materials and methods
	3.1 Method for comparing color gamuts: color spaces and algorithms for determining color gamut boundaries and volumes
	3.2 Obtaining the color gamuts
	3.3 Development of the new software

	4 Experimental results and discussion
	4.1 GamutLab_3D software
	4.2 Software testing

	5 Conclusions
	Declaration of Competing Interest
	Acknowledgment
	References


