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A representation of the color gamut of special effect coatings is proposed and shown for six different samples,
whose colors were calculated from spectral bidirectional reflectance distribution function (BRDF) measurements
at different geometries. The most important characteristic of the proposed representation is that it allows a straight-
forward understanding of the color shift to be done both in terms of conventional irradiation and viewing angles
and in terms of flake-based parameters. A different line was proposed to assess the color shift of special effect
coatings on a*,b*-diagrams: the absorption line. Similar to interference and aspecular lines (constant aspecular
and irradiation angles, respectively), an absorption line is the locus of calculated color coordinates from meas-
urement geometries with a fixed bistatic angle. The advantages of using the absorption lines to characterize the
contributions to the spectral BRDF of the scattering at the absorption pigments and the reflection at interference
pigments for different geometries are shown. © 2014 Optical Society of America
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1. INTRODUCTION

The color of special effect coatings [1,2] has a strong depend-
ence on the irradiation and viewing angles, which makes them
present a very appealing appearance. As a consequence, they
have become very popular in the automotive industry [3] and
in other markets, such as cosmetics or in applications as
security inks. Special effect coatings consist of a transparent
substrate having embedded traditional color pigments, which
absorb part of the light, and flake-shaped interference pig-
ments. They have a selective reflection due to their layered
structure which gives rise to interferences, the main origin of
the special effect in the coatings. This is the most important dif-
ference with respect to the effect coatings, which have metallic
flakes that specularly reflect the light. The perceived difference
between effect coatings and special effect coatings is the much
stronger variation of hue of the latter with respect to the former.

The increasing popularity of special effect coatings de-
mands the development of new techniques and instruments
to characterize their color [4-15]. Of particular relevance is
to determine a reduced set of measurement geometries to
completely characterize these coatings.

Concepts introduced by Cramer and co-workers [16-21]
have contributed to the understanding of the color shift of
effect and special effect coatings on a* b*-diagrams. An inter-
ference line is defined as the locus of calculated color coor-
dinates from measurement geometries with a fixed aspecular
angle (the angular distance with respect to the specular direc-
tion), and an aspecular line as the locus of calculated color
coordinates from measurement geometries with a fixed irra-
diation angle. According to the experience of the authors, in-
terference lines with low aspecular angles characterize the
special effect pigments (the strong color shift), whereas
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aspecular lines may characterize the scattering by absorption
pigments.

Kirchner and Cramer tested these and other conclusions in
a key paper on the subject [22]. They propose an interpreta-
tion of special effect coatings based on the incidence angle
on the flakes and on the orientation of the viewed flakes
(flake-based parameters) instead of using the conventional
instrumental irradiation and viewing angles with respect to
the coating surface. These flaked-based parameters better ex-
plain the color variation due to the interference pigments,
since this variation depends on the incidence angle with re-
spect to the flake (6;,.) more than with respect to the coating
(6;). The other flake-based parameter to be considered is the
orientation angle of the flake with respect to the surface of the
coating Opay.. As shown in Fig. 1, within the incident plane, a
given [Oi,¢,fnare] Pair defines the directions of irradiation (6;)
and viewing (6;), which can be reciprocally interchanged.

The authors conclude that the claim with respect to the
interference lines to characterize interference pigments is
confirmed but not the claim with respect to the capacity of
the aspecular lines to characterize absorption pigments.
The reason why it happens is that the aspecular angle 0,,
is almost directly related to the physical flaked-based param-
eter Opa1e, but 6; does not have such a link to the flaked-based
parameter 6;,.. Therefore, interference lines almost resemble
the locus of calculated color coordinates from measurement
geometries with a fixed 6, angle at different incidence an-
gles on the flakes (assessment of the color shift at constant
flake-produced chroma), whereas aspecular lines represent
a color shift without a clear relation to the incidence angle
on the flake and, in consequence, they do not allow the impact
of the absorption pigments from the impact of the interference

© 2014 Optical Society of America
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Fig. 1. Geometrical variables needed to describe the flake-related
reflection mechanism.

flakes to be distinguished. Kirchner and Cramer [22] think,
and we agree with them, that another set of measurement
geometries should make a better characterization of the
absorption pigments than the aspecular lines.

We have recently used a physical model based on the
[Oine,Pnake] Parameters to obtain a reduced and nonredundant
set of measurement geometries to completely characterize, by
a multiangle spectrophotometer, the spectral BRDF of any
gonioapparent sample [23], which means that the spectral
reflectance at any irradiation/viewing geometry can be esti-
mated from the spectral BRDF measured at the proposed
measurement geometries. This estimation is accomplished
by using a principal components analysis (PCA) procedure
[24,25] to determine the spectral reflectance of a representa-
tive flake and the orientation distribution of the flakes [D
(Oake)] [23]. It corroborated that the flake-based perspective
is highly important to understand the color shift of special
effect coatings.

The motivation of this work was to find a clear and simple
flake-based representation of the color gamut of these coat-
ings aligned with the previous concepts developed so far.
For practical reasons, we consider it very important that
the flake-based representation was easily connected to the
conventional instrumental measurement geometries. This rep-
resentation of the color gamut is presented in detail and it is
demonstrated for real special effect coatings.

2. PROPOSED REPRESENTATION

The proposed representation of the color of special effect
coatings is only based on in-plane geometries, since it has
been observed that measurements at out-of-plane geometries
do not contribute additional information to the characteriza-
tion of the color [23]. Both irradiation angles (6;) and viewing
angles (6,) are defined with respect to coating normal, where
the projection of the irradiation direction on the sample is the
origin of the azimuthal angles (¢; and ¢,). Irradiation angles
are positive by definition, whereas viewing angles are positive
if they are on the same side of the sample surface normal as
the irradiation direction (¢, — ¢; = 0°) and negative otherwise
(¢ps — ¢; = 180°), as prescribed in ASTM standards [26].

The representation is a color gamut table where the meas-
urement geometry is given by the rows (0;) and the columns
(05) (see Fig. 2). Therefore, rows correspond to aspecular
lines and diagonals from the top left to the bottom right cor-
respond to interference lines, where the aspecular angle 0,,
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Fig. 2. Proposed representation of the color gamut for special effect
coatings.
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is calculated as 6; + 6, being 6; = -0, the condition for the
specular geometry. Cis (6, > 0°) and trans geometries
(Basp < 0°) are represented in different colored areas in Fig. 2.
Every cell of the table contains a central square with the re-
production of the color in the corresponding geometry. The
background of the cell contains the reproduction of the color
but keeps the lightness for every geometry constant in order
to clearly show the attainable hues [see Figs. 4(a)-9(a)].

Along the length of one interference line, the maximum hue
variation due to special effect pigments is found, and this hue
variation in the coating is better perceived the closer the
geometry is to a specular geometry, that is, at small aspecular
angles. The reason is that the orientation distribution of the
flakes is peaked at 6y, = 0°, that causes more flakes to con-
tribute to the reflected light near the specular angle. On the
other hand, the display of the color of some coatings using
the proposed representation [Figs. 4(a)-9(a)] made us think
that the minimum hue variation due to interference pigments
should be produced at perpendicular lines to the interference
lines, that is, at the diagonals from the bottom left to the top
right. These lines are defined as a constant difference 6; — ;.
This difference is named, using terms from radar science or
remote sensing, the bistatic angle (6,;), which is the angle
between emission, target, and receptor. The retro-reflection
condition is given at 6; = 6, (or 6,; = 0°), but more impor-
tantly, it corresponds to the constant value 6;,. = 0°, that
would define a single spectral reflectance of the interference
flakes (constant hue). In the same way, another single spectral
reflectance may be defined for another given bistatic angle
6yi > 0° as long as the values of this angle were related to 6;,...

In order to confirm this hypothesis, the almost linear rela-
tion between 6,; and 6, is shown in Fig. 3(a), where a refrac-
tive index (n..y;) Of constant 1.5 was assumed for the coating,
which is correct for most coatings. The calculation of the
flake-based parameters from 6; and 6, was accomplished
by using Egs. (1) and (2) in the reference of Kirchner and
Cramer [22] but dispensing with the signs

1 o M o M
Oface = = | arcsin | —— sin 6, | + arcsin [ — sin 6;
2 Neoat Neoat
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Fig. 3. Relation between flake-based parameters 6;,. and 0y, and conventional measurement angles 6; and 6,. (a) 6;,. versus 6;, (b) Ogaxe Versus

Oasp, and () Oy, versus ;.
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Since we used absolute values of 6,,., there is a change of
the slope sign at retro-reflection conditions. Given a value for
6y, the value of 6;,. can be predicted within less than a 4°
range. This is the tolerance of the approach of considering
the lines of constant 6; as the lines with less hue variation
due to interference pigments. The relation between 6,
and Op, [Fig. 3(b)] is exactly the same as the previous
one and the same considerations can be applied. The conclu-
sion is that the interpretation of the color in terms of bistatic
angles and aspecular angles is equivalent to use flake-based
parameters. It is intuitive because it is based on the optics,
unlike the instrument-based interpretation in terms of 6;
and ;. The complete decorrelation between 6; and 6.

[Fig. 3(c)] implies that conclusions from aspecular lines are
not immediate.

According to this reasoning, we suggest using the lines of
constant 6y,; to assess the maximum variation of special effect
chroma (at constant flake-produced hue) in the coating.
Similar to the interference lines where all possible interfer-
ences produced in the flakes are assessed at almost constant
flake-produced chroma, we name it hereafter absorption
lines, since, as we will show, they assess the different propor-
tion of light absorbed at the absorption pigments with respect
to the light reflected at interference pigments at constant
incidence angle 6.

We propose an interpretation based on 6,,; and 6,4, because
they easily relate flake-based to instrument-based angles
through the simple arithmetic

gﬂake ~ aasp s (3)

Table 1. Description of Interference, Absorption, and Aspecular Lines for the Interpretation
of the Color Shift of Special Effect Coatings
Lines Locus Description
Interference Oasp = 0; + 0, = constant’ Hue angle variation with almost fixed 6, (contribution from the same number of flakes).
Absorption 6y = 6; — 0, = constant’ Chroma variation with almost fixed 6;,. (constant spectral reflectance of the flakes).
Aspecular 6; = constant Something between interference and absorption lines.

%9 > 0°if s — p; = 0°, and O, < 0° if ghs — p; = 180°.
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Table 2. Special Effect Coatings Studied in this Work

Code Company Description Type of Pigment
MCS1 Merck T20-04 WNT lapis sunlight Colorstream
MCS2 Merck T20-02 WNT arctic fire Colorstream

MXi Merck Light yellow and solaris red Xirallic Al;O3/TiOy
BASF1 BASF coatings Burgundy and olive green” Colorstream
BASF2 BASF coatings Laurel green and greenish blue” Colorstream
BASF3 BASF coatings Light blue and pale turquoise® Colorstream
“Visual description by authors.
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For the sake of clarity, the three types of lines (interference,
Oni = 0; b5, ©) absorption, and aspecular) are described in Table 1.
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3. MATERIALS AND METHOD

Six special effect coatings were analyzed in this work. Three
of them are commercialized by Merck and the other three are
prototypes from BASF Coatings. Their descriptions and types
of interference pigment are reported in Table 2.

In order to realize the representation with real coatings,
we measured the spectral bidirectional reflectance distribu-
tion function (BRDF) [27] to calculate the color of every
coating. The measurement of the spectral BRDF was per-
formed by using the GEFE goniospectrophotometer [28],
which was developed at the Optics Institute of Consejo
Superior de Investigaciones Cientificas (I0-CSIC). It consists
of a fixed, uniform, collimated light source and a robot-
arm that places the sample, making it possible to automati-
cally and simultaneously change irradiation and viewing
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directions. For the data acquisition, a CS-2000 A Konica
Minolta spectroradiometer was employed. This device oper-
ates within the visible range (380-780 nm), performing spec-
tral measurements without contact with the sample at a
1 nm sampling interval and with a 4 nm bandwidth. The
spectral BRDF for every coating was sampled within the in-
cidence plane (¢, — ¢; = 0° and 180°) at combinations of 6;
and 6,, which take values ranging from 0° to 70° at steps
of 10°.

The color coordinates at every geometry were calculated
from the spectral BRDF measurements using the CIE-D65
illuminant and the CIE-1964 standard observer [29]. The color
representation is accomplished by converting the CIELAB
coordinates to sSRGB digital values for every geometry. White
central squares in the cells correspond to saturation very
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Fig. 5. (a) Representation of the color gamut and (b) the a* b*-diagram for arctic fire (MC2).
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close to specular geometries, because digital SRGB values
higher than 255 are obtained.

4. RESULTS AND DISCUSSION

The proposed representations of the color gamut of the stud-
ied coatings and the a* b*-diagrams are shown in Figs. 4-9, in
parts (a) and (b), respectively. An additional a* b*-diagram for
Lapis Sunlight coating [Fig. 4(c)] is shown, where several
absorption lines and three aspecular lines (8; = 20°, 50°
and 70°) are plotted in order to compare their hue angle var-
iations. It is clear that, while absorption lines have only a slight
variation of the hue angle (mostly due to the existence of
absorption pigments), the aspecular lines present a much
stronger variation.
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Regarding the representation of the color gamut, it should
be noticed how clearly the hue variations on the diagonals of
the corresponding interference lines of 6,4, = -10° and 10°
are seen. The further the diagonals lie from this diagonal,
the less the hue variation is along the length of them, toward
the constant hue representing the absorption pigments. The
maximum chroma variation is observed on the diagonals of
the corresponding absorption lines, increasing toward the
specular diagonal. The a* b*-diagrams allow the color param-
eters to be quantified. In addition, they show the convenience
of using the interference and absorption lines (continuous red
and discontinuous blue lines, respectively) to characterize the
variation of the visual attributes of these coatings. Absorption
lines present a strong variation of chroma, whereas interfer-
ence lines present a strong variation of hue angle. Cis and
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Fig. 6. (a) Representation of the color gamut and (b) the a* b*-diagram for light yellow and solaris red (MXi).
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trans interference lines are almost identical, although a slight
separation between them can be detected.

We have inferred from the flake-based approach to these
coatings a general interpretation in terms of the mixture of
one characteristic pattern of the absorption pigments and an-
other characteristic pattern of the interference pigments in a*,
b*-diagrams. The prevalence of one of these patterns over the
other in a certain area of the diagram means that, for those
geometries, the corresponding mechanism of reflection pre-
vails over the other. These patterns are clearly outlined from
less to more complexity in Fig. 10.

The general color shift of absorption pigments in transpar-
ent layers is shown in Fig. 10(a). The black ellipses represent
the range of variation of two coatings (Al and A2). All points
are distributed within a small area of almost constant hue. The
chroma depends on the probability P, that an impinging

Ferrero et al.

photon reached an absorption pigment, and it depends on
the density of pigments or on the thickness of the layer. In
the case of Fig. 10(a), the coating A2 has a higher probability
P, than coating Al.

The general color shift of metallic pigments in transparent
layers is shown in Fig. 10(b), where the behavior of two coat-
ings (M1 and M2) is outlined. Although this range is also dis-
tributed within an area of almost constant hue, the area is
extended around a much longer line since there is a high varia-
tion of chroma, which is the main characteristic of these coat-
ings. Its length allows several groups (big black circles) to be
distinguished. Every group is characterized by a constant ab-
solute value of the aspecular angle. The lower the aspecular
angle, the more is the prevalence of the specularly reflected
light at the flakes over the diffused light from the absorption
pigments and the higher the flake-related chroma. In addition,
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Fig. 7. (a) Representation of the color gamut and (b) the a* b*-diagram for burgundy and olive green coating (BASF1).
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the narrower the orientation distribution of the flakes
[D (6p.xe)], the more separated these groups are at low aspec-
ular angles since more flakes are contributing to the reflec-
tion. The coating M1 would present a higher chroma and a
glossier appearance than M2.

The general color shift of interference pigments in transpar-
ent layers is shown in Fig. 10(c), where the behavior of two
coatings (S1 and S2) is outlined. Something similar to the pre-
vious case happens, but here the elements of every group are
almost circularly distributed around the origin. These groups
are marked in the plot by continuous lines which represent the
interference lines. On the other hand, the discontinuous lines
represent the absorption lines of constant hue. The coating S1
would present a glossier appearance than S2. However, the
latter present a higher hue variation, as can be deduced by
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observing the hue angle variations at the most external inter-
ference lines.

When absorption and interference pigments are embedded
together in a coating, their spectral reflectances are combined
at the different geometries. It is not possible to predict the
color shift in this case without knowing these spectral reflec-
tances, but it is reasonable to think that reflective color due to
the absorption dominates over color due to reflection from
interference pigments at some geometries and that the oppo-
site also happens, as outlined in Fig. 10(d), where a coating
with a mixture of A2 and S1 is simulated. At intermediate
geometries (no prevalence of any pigment-type), the interfer-
ence and absorption lines are deformed. Then it can be said
that the prevalence of both special effect reflection and scat-
tered light by the absorption pigments is characterized by a
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Fig. 8. (a) Representation of the color gamut and (b) the a* b*-diagram for laurel green and greenish blue coating (BASF2).
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constant hue along the length of the absorption lines in special
effect coatings, the difference being that the special effect
reflection dominates at low aspecular angles and that the
scattered light by the absorption pigments dominates at
higher ones.

Real coatings in Figs. 4-9 show the described behavior
which can be synthesized and quantified by simple observa-
tion of interference and absorption lines.

It has been claimed in earlier publications [17,18] that the
interference lines with low aspecular angles characterize the
interference pigment present in the coating. It was recently
proved by the thorough study by Kirchner and Cramer [22]
and it agrees with our discussion. It should be noted that it
occurs at aspecular angles where the special effect reflection
dominates the scattered light from by absorption pigments.

Ferrero et al.

That is, when there are enough flakes with the optimal
slope.

A characterization that can be seen from the interference
lines with low aspecular angles is the hue angle variation.
It is shown for all coatings in Table 3 as the accumulated
hue angle variation with 6,5, = 10°. For the MC1, MC2,
BASF1, and BASF2 coatings, the hue angle variation along
the length of the interference line at low aspecular angles
is identical to the total hue angle variation, showing the preva-
lence of the color due to interference pigments over the color
due to absorption pigments for any geometry. The case is dif-
ferent for MXi and BASF3 coatings, where the color due to
absorption pigments prevails for geometries with high aspec-
ular angles. In these two cases, the interference line at low
aspecular angles does not account for the total hue angle
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Fig. 9. (a) Representation of the color gamut and (b) the a*b*-diagram for light blue and pale turquoise coating (BASF3).
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Fig. 10. Outline of the general color shift of effect coatings. (a) Absorption pigment color shift. (b) Metallic pigment color shift. (¢) Special effect
pigment color shift. (d) A possible color shift for a coating with a mixture of A2 and S1 pigments.

variation of the coating. Considering the shape of the interfer-
ence (not circularly distributed around the origin) and the
variable hue angle on the absorption lines in Fig. 6(b) (MXi),
it is very difficult to affirm that any of the shown interference
lines characterize the special effect coating. On the contrary,
it seems that the contribution of the absorption reflection is
always relevant in this coating. The opposite cases are those
in Fig. 4(b) (MC1), 7(b) (BASF1), and 8(b) (BASF2). Although,
it would be possible to affirm that MC1 and BASF2 contain the
same or very similar interference pigment. The interference
lines with the lowest aspecular angles are not completely cir-
cular or with constant chroma simply because the spectral
variability of the spectral reflectance of the flake changes with
the incidence angle on it.

The inspection of absorption lines provides information
about special effect coatings in twofold: chroma variation
due to the interference pigments and relative contribution
of the absorption pigments to the color at a specific geometry.
Chroma variations of the studied coatings along the length of
the absorption line with 6; = 10° are shown in Fig. 11(a) as a
function of 60,,. This absorption line was chosen because it
provides a high number of measurement geometries. Except
for the MXi coating, all coatings present decreasing chroma
variation from low aspecular angles to higher ones, from a

very abrupt decrease to a tendency of constant value. Since
the aspecular angles are related to fp,.. [Fig. 3(b)] and the
absorption lines represent the color variation at constant
Oine, the curves in Fig. 11(a) can be almost directly related
to the orientation distribution of the flakes. The chroma varia-
tion from the lowest aspecular angle to the highest one can be
regarded as a rough descriptor of this distribution. In
addition, the constant value to which the chroma tends, taken
as the value at the highest 0,4,, can be used to describe the
amount of absorption pigments. These two descriptors are
shown in Table 3 for all coatings (as “Chroma Variation”
and “Absorption Chroma”). The curve of the MXi coating is
quite different. The interpretation in the terms used here is
that there are a high proportion of absorption pigments
and, unfortunately, anything can be said about the orientation
distribution of the Xirallic flakes.

The hue angle variation along the length of the absorption
lines gives insight into the dominance of either the interfer-
ence pigments or the absorption pigments [see Fig. 11(b) with
6y = 10°]. If the hue angle is almost constant at low aspecular
angles, special effect reflection prevails, and the contrary
happens if the hue angle is almost constant at high aspecular
angles. Thus, we think that the absorption lines can character-
ize the scattering by the absorption pigments, as it was
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Fig. 11. (a) Chroma and (b) hue angle variation along the length of
the absorption line with 6;,; = 10° of studied coatings.

claimed for the aspecular lines in the past [17,22]. From lower
to higher angles, the minimum 6,g, at which the hue angle is
not constant anymore along the length of the absorption line
can be used to describe how much overall contribution the
absorption pigment reflection has. This descriptor, named
Cj,, is shown in the last column in Table 3.

Table 3. Values of the Proposed Descriptors to
Characterize Special Effect Coatings

Hue Angle Chroma Absorption
Coating Variation (°) Variation Chroma Cy (®
MCS1 131.7 36.2 6.6 10
MCS2 251.8 475 8.8 10
MXi 17.2 135 32.9 10
BASF1 137.5 28.3 0.24 10
BASF2 1374 28.7 0.17 70
BASF3 46.0 34.9 7.5 30
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The Xirallic coating (MXi) is the most different among the
studied coatings. The special effect can be clearly observed
only at low aspecular angles, but the absorption pigment
reflection highly contributes at all geometries, providing the
yellow hue [see Fig. 6(a)].

5. CONCLUSIONS

A new representation of the color gamut for special effect
coatings is proposed. The most important characteristic of
the proposed representation is that it allows for a straightfor-
ward understanding of the color shift in these coatings to be
done both in terms of conventional irradiation and viewing
angles and in terms of flake-based parameters. This represen-
tation allows the color shift of special effect coatings to be
figured out which is a very interesting alternative to the usage
of goniovision devices to perceive the color gamut.

We have previously proven that the bistatic angle is almost
proportional to the incidence angle on the flakes. Therefore, a
different line was proposed to assess the color shift of special
effect coating on a*b*-diagrams: the absorption line. Similar
to interference and aspecular lines (constant aspecular and
irradiation angles, respectively), an absorption line is the
locus of calculated color coordinates from measurement
geometries with a fixed bistatic angle. It gives insight into
the relative contributions of the absorption and interference
pigments at different geometries in a more direct way than the
aspecular lines.

The proposed representation of the color gamut was real-
ized for six different special effect coatings: three from Merck
and three from BASF Coatings. These representations visually
show the color for a meaningful number of geometries and
could be used, either in an extended or a simplified way,
as a basis for color cataloging these kinds of coatings, visual-
ized in colorimetrically calibrated displays or printing devices.
On the other hand, a*b*-diagrams allow a more quantitative
analysis to be done. The representations of hue angle and
chroma along the length of the proposed absorption lines
show the convenience of using these lines to understand
the relative contributions of the scattering at the absorption
and interference pigments to the spectral BRDF at different
geometries. Descriptors were proposed in these terms which
may help in the quality control and design of new color recipes
for these special effect coatings.

It should be noted that although absorption and interfer-
ence lines allow the variation of perceptual attributes to be
very clearly assessed, 6;,. or Op,. are almost constant along
the length of these lines and therefore measurements re-
stricted only to one of them would provide some spectral
or angular redundant information. For this reason, when
the question is to select a reduced number of nonredundant
measurement geometries to completely characterize special
effect coatings, to lie only on these lines is not adequate.
For instance, in a previous work [23] we proposed a set of
nine measurement geometries organized in two aspecular
lines with 8; = 20° and 50° which provide nonredundant infor-
mation about variations of chroma, hue, and lightness and
allow spectral reflectance at any other geometries to be esti-
mated using a PCA-based procedure. This kind of organization
in aspecular lines is also common in commercial portable
instruments.
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