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New color-measuring instruments known as multi-gonio-spectrophotometers have
recently been created to measure and characterize the goniochromism of special-effect
pigments in many materials with a particular visual appearance (metallic, interference,
pearlescent, sparkle or glitter). These devices measure the gonio color appearance from
the spectral relative reflectance factor and the L*a*b* values of the sample with
different illumination and observation angles. These angles usually coincide with
requirements marked in ASTM and DIN standards relating to the gonio color
appearance characterization, but little is known about the extent of agreement between
these new instruments. The main purpose of this study, therefore, is to compare several
multi-gonio-spectrophotometers at a reproducibility level according to ASTM E2214-08
guidelines. In particular, we compared 2 X-Rite multi-gonio spectrophotometers (MA98
and MAG68II), a Datacolor multi-gonio spectrophotometer (FX10) and a BYK multi-
gonio spectrophotometer (BYK-mac). These instruments share only 5 common
measurement geometries: 45°x:-30° (as 15°), 45°x:-20° (as 25°), 45°x:0° (as 45°),
45°x:30° (as 75°), 45°x:65° (as 110°). Specific statistical studies were used for the

reproducibility comparison, including a Hotelling’s test and a statistical intercomparison
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test to determine the confidence interval of the partial color differences AL*, Aa*, Ab*,
and the total color difference AE*ab. This was conducted using a database collection of
88 metallic and pearlescent samples, which were measured 20 times without
replacement for all the instruments. The final findings show that in most measurement
geometries, the reproducibility differences between pairs of instruments are statistically
significant, although in general there is a better reproducibility level at certain common
geometries for newer instruments (MA98 and BYK-mac). This means that these
differences are due to systematic or bias errors (angle tolerances for each geometry,
photometric scales, white standards, etc.), but not exclusively to random errors.
However, neither of the statistical tests used is valid to discriminate and quantify the

detected bias errors in this comparison between instruments.

Keywords: color measurement; instrumentation; goniochromism; color tolerances

Introduction

In recent years, technological innovation in all areas has led, among other things, to
the appearance of new materials such as metallic and pearlescent objects developed from
special-effect pigments that produce goniochromatic effects, i.e. they present notable color
changes under differently illumination-viewing conditions. These pigments are used in many
industrial activities, such as automotive coatings, cosmetics, plastics, security inks, building
materials and the visual simulation of virtual environments. Their popularity is due to the
fascinating interplay of colors and to effects produced by the various materials used in their
layered structures . Refractions and reflections of light at and within these layers cause
interferences that yield certain colors *, in an attempt to replicate natural colors seen in lesser

animals such as butterflies and insects °.
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It is difficult to measure and characterize these kinds of color samples by conventional
color measuring instruments based on an integrating sphere °. The optical behavior of these
materials is determined by the spectral bidirectional reflectance distribution function (BRDF),
defined as the spectral ratio between the radiance of the sample in a given direction and the
irradiance over that sample. In recent years, various authors have proposed new multi-angle

7-10

spectrophotometers made from multi-spectral imaging systems to allow for direct

measurements of the spectral BRDF (sBRDF) of any material, even from remote sensing ' 2.
Measuring the sBRDF is not an easy task, and requires highly qualified resources, so some
instruments are designed to measure the spatial distribution of the reflectance factor in
different geometrical configurations. In most of these, three or five geometry configurations
are implemented, as established by the DIN-6175-2 * and the ASTM E2194-03 and E2539-
08 '* standards, respectively. In particular, measurements at various angles of illumination for
the same difference angle (+ 15°) with respect to the specular direction yield an interference
line that is peculiar to the particular interference pigment involved. Measurements made at a
constant angle of illumination (e.g. 45°) for various angles of observation and difference
angles yield an aspecular line. For many years, multi-gonio-spectrophotometers were used to
characterize the aspecular line, such as the MA68II, which has been widely used over the past
two decades. However new interference pigments have begun to appear on the market,
leading to more complex multi-gonio-spectrophotometers with more measurement geometries
in order to characterize the interference line.

Many authors have made comparisons between conventional spectrophotometers in

15-20
recent years

, yet there is a lack of research into multi-gonio-spectrophotometers used to
characterize goniochromism *'. ASTM E2214 * specifies a number of multivariate methods

for analyzing reproducibility measurements. Reproducibility is understood intuitively to be

the degree to which an instrument makes consistent measurements even when conditions are
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slightly changed, whereas repeatability is how well an instrument can repeat identical
measurements.

Therefore, the purpose of this study is to compare the reproducibility of various multi-
gonio-spectrophotometers, specifically the Datacolor FX10, X-Rite MAG68II, X-Rite MA9S8
and BYK-mac models, following the ASTM E2214-08 rules for the five common
measurement geometries in order to evaluate the extent to which their readings coincide. In
particular, reproducibility analysis is performed only for the aspecular line, as the
measurement geometries associated with the interference line are not common for all the

instruments used in this study.

Materials and Methods

Instruments

A set of four multi-gonio-spectrophotometers were used to analyze the extent to which
they coincided. The X-Rite MAG6SII multi-angle spectrophotometer (1) was designed for
measuring color on metallic and pearlescent paint finishes and printing inks, and incorporates
a single light source and 5 fixed (aspecular) viewing angles in accordance with the cited 20-
year-old standards. The MA98 multi-angle spectrophotometer (2) is a new instrument from
the X-Rite company, providing 10 measurement angles and 2 illumination angles, which in
combination allow for 19 measurement geometries, 11 in-plane and 8 out-of-plane. The
Datacolor FX10 (3) is an abridged multi-gonio-spectrophotometer with 10 measurement
geometries, and includes the 5 geometries from the previous standards as well as a further 5,
such as the light reflected at directions closer to the incidence direction. Finally, the BYK-
mac spectrophotometer (4) measures both multi-angle color and sparkle characterization in a
portable device. It also has the traditional 5-angle color measurement, and an additional color
measurement behind the gloss for the color travel of interference pigments 45°x:-60° (as -15°).

Table 1 summarizes the 5 common geometries of these instruments.

John Wiley & Sons
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Data collection

The database used contains 88 goniochromatic metallic and interference color samples
collected from various technical color charts from different manufacturers. They were
measured 20 times without replacement for all the instruments after a long stand-by period
(more than 20 minutes). The average values were then considered in order to conduct the
reproducibility study.

The spectral reflectance factors were measured from 400 to 700 nm, sampled every 10
nm and the colorimetric coordinates were obtained from each multi-gonio spectrophotometer

for the CIE D65 illuminant and the CIE 10° standard colorimetric observer >.

Experimental Procedure

The ASTM E2214 standard specifies that instrument differences can be calculated
between pairs of instruments. By using this recommendation, 6 comparisons were possible:
FX10 vs. MAG6SII, FX10 vs. MA98, FX10 vs. BYK-mac, MAGSII vs. MA98, MAGSII vs.
BYK-mac, and MA98 vs. BYK-mac.

Firstly, from the mean values of 20 measurements for each sample, the partial and
total color differences were calculated in the CIELAB color space for all the possible
combinations. At an ideal reproducibility level, all color differences would be zero.

Secondly, as stated previously, a statistical study of the reproducibility comparison
between devices was conducted, by calculating the average and mean square deviation of the
colorimetric values. These statistical studies included Hotelling’s test and a statistical
intercomparison test.

Hotelling’s T? test describes the acceptance volume of an instrument in terms of AL*,

Aa*, and Ab* relative values. This is a multivariate metric that indicates the tolerance volume
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of an instrument for a given statistical significance. T is calculated from a given sample’s

color difference data and the population covariance matrix (S) of color difference data:

var(AL) cov(AL' ,Aa’) cov(AL,Ab")
S=|cov(AL',Aa’)  var(Aa’)  cov(Aa',Ab") (1)
cov(AL ,Ab") cov(Aa’,Ab") var(Ab")

T? =n-[AL* Aa* Ab*] -S7.[AL* Aa* Ab*|
where the superscript T indicates matrix transpose and n is the number of measurements.
Each T? value can be tested for significance with a given a probability by using the F-
distribution:

2
Fa,n—s = % 2)
The ASTM E2214 standard also includes a series of pairwise comparison tests based

on statistics obtained from propagation of errors and the Chi-squared statistical distribution.
This test uses the g;; coefficients to compute interval estimates for the component differences,

AL*, Aa*, and Ab*. In the equation 3 is the form for the statistical test:

_ mean(AL") _ mean(Aa’) _ mean(Ab*)
mean(AEab ) ’ mean(AEab ) 7 mean(AEab )
8r = 8@+ 8nf + 8" +28,0f + 2850y +2gay 3)

2
ty =%~ , n=88
n-gg

where y is the chi-square value for 3 degrees of freedom. This critical value is very important
in this study, as it fits the limit that can be established if the total color differences AE ,, are
statistically significant, i.e. whether or not it is likely to have occurred by chance.
Specifically, if the average is higher than the critical value (AE*ab) > 1Ag, the difference is

significant, i.e. for that directional geometry the measurement data are unlikely to have
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occurred by chance. This would mean that differences between instruments are due to
systematic or bias errors (angle tolerances for each geometry, photometric scales, white

standards, etc.), but not exclusively to random errors.

Results

As stated previously, the ASTM E2214 standard specifies that instrument difference
can be calculated between pairs of instruments, meaning that 6 comparisons were possible.

Table 2 shows the results of the colorimetric intercomparison. The average of the
partial color differences, AL*, Aa* and Ab*, and the maximum and minimum values of these
partial color differences, are shown for each pair of instruments. The color differences shown
here are clearly higher than perceptibility limits, in many cases passing usual industrial color
tolerances or acceptability limits. However, it is interesting to consider that the colorimetric
intercomparison between the X-Rite MA98 and the BYK-mac multi-gonio
spectrophotometers shows acceptable results, as in all measurement geometries the average
values for the colorimetric coordinates are always lower than 1.2 AE*ab units. The results
obtained for the other intercomparisons are very similar, as can be observed in Table 2.

Another way to visualize the previous results is to graph the CIELAB color
differences (Ab* vs. Aa* and AL* vs. AC*ab) between each instrument, as this displays the
behavior of individual samples. In particular, Figure 1 shows the CIELAB color differences
for two pairs of comparisons: a) both X-Rite instruments (MA98 and MAG68II); and b) the X-
Rite MA98 and BYK-mac instruments. For the 45°x:65° (as 110°) measurement geometry, all
the points are around the origin for both comparisons, which indicates that the measurements
were very similar. However, in general the other measurement geometries were more broadly
spread around the color difference space. It is interesting to note that instruments from the
same company but released ten years apart have more deviations, whereas new instruments

from different companies (such as the BYK-mac and the X-Rite MA98) have less deviation,
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as can be seen in Figure 1 and Table 2. Furthermore, the measurements calculated for the
geometry 45°x:-30° (as 15°), close to the glossy measurement, are more broadly spread than
for the other geometries, which can be expected due to the interference and metallic nature of
the samples.

Table 3 shows the multivariate statistical results from the Hotelling’s test. The results
were generated with an algorithm in Matlab software. The hypothesis tested was whether or
not the colorimetric differences (AL*, Aa*, Ab*) between instruments were equal to zero. The
results are shown for the statistical significance of 95%, equivalent to a = 0.05. As can be
observed, for the X-Rite MA98 and BYK-mac multi-gonio spectrophotometer pair (2 vs. 4)
and the Datacolor FX10 and BYK-mac multi-gonio spectrophotometer pair (3 vs. 4), the P-
values for all the measurement geometries are lower than the o value. This indicates that the
instruments contribute in a statistically significative way to the color difference between
instruments. For the other pairwise comparisons, some measurement geometries were found
not to be statistically significant, such as the 45°x:-30° (as 15°) measurement geometry for the
comparison between the MAG68II and the FX10.

The ASTM intercomparison test was conducted to determine the confidence interval
of the partial color differences AL*, Aa*, Ab* and the total color, by calculating the
covariance matrix S and the critical value tag (in accordance with equations 3). This critical
value is very important, because it fits the limit that can be established if the total color
differences AE , are statistically significant, i.e. whether or nor it is likely to have occurred
by chance. Table 4 shows the total color differences AE*ab and the critical value #5g calculated
for each measurement geometry between the all the instruments. Comparing the critical value
1A and the average of the total color differences makes it possible to determine whether or not
the differences are statistically significant. In most of the cases, all the measurement

geometries for the comparisons are statistically significant because the averages are higher
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than critical values AE; > 1A, 1.€. these geometries are unlikely to have occurred by chance.

For some pairwise comparisons, certain measurement geometries were found that are not
statistically significant, such as 45°x:65° (as 110°) for the MA6S8II vs. MA98 comparison.
These results also coincide with all results previously obtained by the Hotelling’s test for
color differences.

Other measurement geometries specified for the ASTM standards are the
configuration of an illumination angle of 45° and a detection angle of -60°, implying an
aspecular angle of -15°, (45°x:-60° (as -15°)), and an illumination angle of 75° and a detection
angle of 90° or 120°, implying an aspecular angle of +15° and -15°, respectively: 75°x:0° (as
+15), 75:-30° (as -15). These measurement geometries are common for 3 of the analyzed
instruments (X-Rite MA98, Datacolor FX10 and BYK-mac) in the first case, and for 2
instruments (X-Rite MA98 and Datacolor FX10) for the other 2 measurement geometries. For
this reason, the reproducibility level for these measurement geometries and instruments was
also analyzed. The average of the partial color differences, AL*, Aa* and Ab*, and the
maximum and minimum values of these partial color differences, were calculated (Table 5
and 6) for each instrument pair. For the 45°x:-60° (as -15°) measurement geometry, the partial
color differences are higher than in the other measurement geometries; this is expected
because this geometry is very close to gloss measurement. Similarly, it is interesting to note
that the higher differences are in the L* value, between 4 and 12 AE*ab units. However,
systematic differences in reproducibility in the chromatic diagram Aa* vs. Ab* were not
observed (Figure 2), as the measurements are broadly spread around the achromatic point.
Similar behavior can be observed in the chromatic diagram AC*ab vs. AL*, in particular with
the MA98 multi-gonio spectrophotometer, which codifies the samples more lightly and more
strongly than the other 2 instruments do. Results obtained from the intercomparison and

Hotelling statistical tests show that the instruments for this measurement geometry contribute
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in a statistically significative way to the color difference between instruments. The results are
similar for the other measurement geometries; significant differences were found for both
statistical tests, meaning that the differences between instruments are due to systematic or bias
errors. Figure 3 shows that color differences are higher in the measurement geometry 75:-30°
(as -15) than in the other geometry. In the a* vs. b* chromatic diagram, measurements are
broadly spread around the achromatic point; however, in the C*ab vs. L* chromatic diagram,
for the 75:-30° (as -15) measurement geometry the samples are codified more darkly by the
FX10 instrument than by the MA98 instrument. However, for the other measurement
geometry (75:0° (as +15), the samples are codified more lightly by the FX10 than by the

MAO98.

Conclusions and Discussion

This work evaluates various multi-gonio spectrophotometers to assess the
reproducibility level from a data set of interference and metallic samples, and demonstrates
that these instruments do not produce the same results, as significant differences were found
due to systematic or bias errors.

Most of the measurement geometries are statistically significant. This means that these
differences are due to systematic or bias errors (angle tolerances for each geometry,
photometric scales, white standards, etc.), but not exclusively to random errors. However, the
statistical tests used here are not valid for discriminating and quantifying the detected bias
errors in this comparison between instruments. For the FX10 vs. MA68II and MA98 vs. FX10
pair comparisons, only the 45°x:-30° (as 15°) measurement geometry nearest to the specular
direction (135°), with a priori a large photometric scale, shows a pure statistical deviation. For
the MAGSII vs. BYK-mac pair comparison, only the 45°x:30° (as 75°) measurement geometry

has no significant differences.
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These results also show the intrinsic difficulty in finding efficient methods for
comparing reproducibility in multi-gonio-spectrophotometers, even between models from the
same manufacturer. For instance, in the MA98 vs. MA68II comparison, only the 45°x:65° (as
110°) measurement geometry (retro-reflection) passed the statistical comparison test.
However, new instruments from different companies, such as the BYK-mac and the X-Rite
MAUO9S, have less deviation.

Appropriate tools are therefore needed to design instruments that offer more reliable
measurement systems that avoid systematic differences between instruments, and that

consequently instill trust in users as regards the color appearance measurements provided.
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TABLE LEGENDS

Table 1. [llumination and observation angles of the five common measurement geometries.

Table 2. Average, maximum and minimum values of the partial color differences obtained for
each measurement geometry for the 6 possible combinations of multi-gonio-

spectrophotometers.

Table 3. Hotelling’s analysis T* for color differences of 88 samples measured by all the multi-
gonio spectrophotometers (MA68II (1), MA98 (2), FX10 (3) and BYK-Mac(4)) with a

confidence interval of 95%.

Table 4: Average and critical values of the total color differences AE*ab obtained for each

common measurement geometry for all the possible comparisons.

Table 5. Average, maximum and minimum values of the partial color differences obtained
and the results of the Hotelling’s and inter-comparison test for the measurement geometry
45°x:-60° (as -15°) for the inter-comparison pairs: MA98 vs. BYK-Mac, MA98 vs. FX10 and

BYK-Mac vs. FX10.

Table 6. Average, maximum and minimum values of the partial color differences obtained
and the results of the Hotelling’s and inter-comparison test for the measurement geometries

75°x:-30° (as -15°) and 75°x:0° (as +15°) for the inter-comparison pair MA98 vs. FX10.
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FIGURE LEGENDS
Figure 1. a) CIELAB color differences (Ab* vs. Aa* and AL* vs. AC*ab) for the inter-

©CoO~NOUTA,WNPE

12 comparison pair X-Rite MA98 and BYK-mac. b) CIELAB color differences (Ab* vs. Aa* and

14 AL* vs. AC*ab) for the inter-comparison pair X-Rite MA98 and MAG6SII.

19 Figure 2. CIELAB color differences (Ab* vs. Aa* and AL* vs. AC ) for the inter-comparison
22 pairs MA98 vs. BYK-mac, MA98 vs. FX10 and BYK-mac vs. FX10, for the measurement

24 geometry 45°x:-60° (as -15°).

29 Figure 3. CIELAB color differences (Ab* vs. Aa* and AL* vs. AC*ab) for the inter-comparison

31 pairs MA98 vs. FX10 for the measurement geometries 75°x:-30° (as -15°) and 75°x:0° (as

34 +150).
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Table 1. Illumination and observation angles of the five common measurement

geometries.

ASTM/DIN measurement geometries

Influx (incident) angle 45° 45° 45° 45° 45°
Efflux (detection) 120° 110° 90° 60° 25°
angle (aspecular) (+15°) (4+25°) (+45°) (+75°) (+110°)

CIE nomenclature

45°x:-30° (as 15°)

45°x:-20° (as 25°)

45°x:0° (as 45°)

45°x:30° (as 75°)

45°x:65° (as 110°)

John Wiley & Sons
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Table 2. Average, maximum and minimum values of the partial color differences

obtained for each measurement geometry for the 6 possible combinations of multi-

gonio-spectrophotometers.

FX10 vs. MAGSII

45°x:-30° (as 15°)

45°x:-20° (as 25°)

45°x:0° (as 45°)

45°x:30° (as 75°)

45°x:65° (as 110°)

AL*  Aa* Ab* | AL* Aa* Ab* | AL* Aa* Ab* | AL* Aa* Ab* | AL* Aa* Ab¥*
Average | 344 12 170 | 401 151 229|197 079 132|137 060 096|335 0.73 098
IMax| |11.66 6.74 7.85 [15.25 9.65 1053|743 4.67 493 | 3.77 2.57 3.53 |16.65 4.00 4.48
IMinl | 0.11 0.01 0.05]0.03 0.02 0.01 | 0.09 0 0 0.03 0.02 143 ] 051 0.02 0.01
FX10 vs. MA98
45°x:-30° (as 15°) 45°x:-20° (as 25°) 45°x:0° (as 45°) 45°x:30° (as 75°) 45°x:65° (as 110°)
AL*  Aa* Ab* | AL* Aa* Ab* | AL* Aa* Ab* | AL* Aa* Ab* | AL* Aa* Ab*
Average | 3.06 127 171 [ 191 089 1.14 | 047 042 058 | 1.07 044 0.65| 332 0.63 0.85
IMax| | 1542 7.70 9.59 | 6.82 5.18 477 | 2.15 258 230|415 1.69 251 (1729 280 3.18
IMinl | 0.02 0 0.03 | 0.02 0.02 0.02 | 0.01 0 0 0.01 0.02 0.03 | 0.19 0 0
FX10 vs. BYK- mac
45°x:-30° (as 15°) 45°x:-20° (as 25°) 45°x:0° (as 45°) 45°x:30° (as 75°) 45°x:65° (as 110°)
AL*  Aa* Ab* | AL* Aa* Ab* | AL* Aa* Ab* | AL* Aa* Ab* | AL* Aa* Ab*
Average | 295 141 220|139 0.78 1.07|0.87 0.61 0.74 | 1.07 053 080|373 074 1.04
IMax| |16.18 857 842 | 6.77 355 352|437 323 366 |4.15 262 332 |17.65 3.85 4.61
IMinl | 0.03 0.02 0.02 | 0.01 0.01 0 [003 0.02 001|001 0.01 001|046 0.02 0
MAGSII vs. MA98
45°x:-30° (as 15°) 45°x:-20° (as 25°) 45°x:0° (as 45°) 45°x:30° (as 75°) 45°x:65° (as 110°)
AL*  Aa* Ab* | AL* Aa* Ab* | AL* Aa* Ab* | AL* Aa* Ab* | AL* Aa* Ab¥*
Average | 375 11.64 794 | 340 123 1.80 | 195 0.67 1.10 | 1.03 036 064 | 0.75 034 054
IMax| |14.78 4.41 1246(13.70 9.13 7.71 | 742 455 434|417 176 273 | 286 1.23 2.05
IMinl | 0.03 0.02 0 0.35 0 0 0 0 0 0.07 0 0 0.01 0 0
MAG68 vs. BYK-mac
45°x:-30° (as 15°) 45°x:-20° (as 25°) 45°x:0° (as 45°) 45°x:30° (as 75°) 45°x:65° (as 110°)
AL*  Aa* Ab* | AL* Aa* Ab* | AL* Aa* Ab* | AL* Aa* Ab* | AL* Aa* Ab¥*
Average | 3.58 146 250 | 348 133 211|160 062 1.09| 085 036 055|075 027 043
IMax| | 1554 994 1341|15.68 937 951 | 825 452 516 |3.19 1.78 238 | 238 1.38 1.54
IMinl | 0.02 0.03 0.05 | 0.04 0 0 0 0.01 0 0.02 0.02 0 0 0 0
MAY8 vs. BYK- mac
45°x:-30° (as 15°) 45°x:-20° (as 25°) 45°x:0° (as 45°) 45°x:30° (as 75°) 45°x:65° (as 110°)
AL*  Aa* Ab* | AL* Aa* Ab* | AL* Aa* Ab* | AL* Aa* Ab* | AL* Aa* Ab*
Average | 0.71 070 1.20 | 1.21 0.57 0.66 | 0.75 032 0.38 | 0.50 025 0.36 | 059 033 041
IMax| | 2.74 6.05 399 | 354 431 329|484 333 291 (473 144 3.02|3.11 159 219
IMinl | 0.10 0 0.13 | 0.02 0.01 0 0.01 0 0 0.02 0.01 0.01 | 0.02 0 0.01

John Wiley & Sons
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Table 3. Hotelling’s analysis T for color differences of 88 samples measured by all the

multi-gonio spectrophotometers (MA6S8II (1), MA98 (2), FX10 (3) and BYK-Mac(4))
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with a confidence interval of 95%.

1vs.2 1vs.3 1vs. 4 2vs.3 2vs. 4 3vs. 4
Geometry T? P T? P T? P T? P T? P T? P
4(535"153(; 9.179 0.027| 2.863 0.413| 25724 0.000| 6.892 0.075|123.551 0.000| 37.609 0.000
4(535"252‘; 18.919  0.000 56'f80 0.000 | 41.504 0.000|116.536 0.000{120.242 0.000| 71.080 0.000
?:siso) 22971 0.000|25.748 0.000 | 40.422 0.000|135.487 0.000| 16.085 0.001{179.695 0.000
‘:gs"é(’) 24.525 0.000| 86.474 0.000 | 4.181  0.243(195.328 0.000| 50.135 0.000{108.275 0.000
(“ass);fos) 4.9535 0.175 22345 0.000 | 20.245  0.000{203.360 0.000| 25.560 0.000|175.397 0.000

John Wiley & Sons
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Table 4: Average and critical values of the total color differences AE*ab obtained for

Color Research and Application

each common measurement geometry for all the possible comparisons.

MAGSII vs. MA9S

45°x:-30° (as 15°)

45°x:-20° (as 25°)

45°x:0° (as 45°)

45°x:30° (as 75°)

45°x:65° (as 110°)

ab

oS 0.0044 0.0108 0.0397 0.1456 0.0469
tAE 4.4375 2.8254 1.4710 0.7679 1.3529
AE:b 4.8906 4.4705 2.5647 1.3834 1.0953
MAG8II vs. FX10

45°x:-30° (as 15°) | 45°x:-20° (as 25°) | 45°x:0° (as 45°) |45°x:30° (as 75°) |45°x:65° (as 110°)
oS 0.0017 0.0229 0.0394 0.2437 0.1746
tag 7.2097 1.9346 1.4766 0.5936 0.7013
:;b 44377 5.2983 2.7255 2.0080 3.7963

MAGSII vs. BYK-mac

45°x:-30° (as 15°) | 45°x:-20° (as 25°) | 45°x:0° (as 45°) | 45°x:30° (as 75°) |45°x:65° (as 110°)
gE 0.0108 0.0209 0.0903 0.0320 0.2139
tag 2.8148 2.0292 0.9751 1.6374 0.6336
:;b 5.1932 4.7554 2.2553 1.2179 1.0370

MA98 vs. FX10

45°x:-30° (as 15°) | 45°x:-20° (as 25°) | 45°x:0° (as 45°) | 45°x:30° (as 75°) |45°x:65° (as 110°)
gE 0.0045 0.1873 1.6328 1.0206 0.1746
tAE 4.3840 0.6772 0.2293 0.2901 0.7013
AE:}] 4.1866 2.6592 0.9710 1.4747 3.6381

MAIS vs. BYK-mac

45°x:-30° (as 15°) | 45°x:-20° (as 25°) | 45°x:0° (as 45°) |45°x:30° (as 75°) |45°x:65° (as 110°)
oS 0.4592 0.4706 0.1859 1.0249 0.3536
tAE 0.4324 0.4272 0.6797 0.2895 0.4928
AE, 1.7485 1.7040 0.9916 0.7456 0.9064

FX10 vs. BYK-mac

45°x:-30° (as 15°) | 45°x:-20° (as 25°) | 45°x:0° (as 45°) |45°x:30° (as 75°) |45°x:65° (as 110°)
oS 0.0214 0.1757 0.9641 0.4670 0.1130
tag 2.0020 0.6991 0.2985 0.4288 0.8717
: 4.4661 2.1440 1.4553 1.6232 4.1997

John Wiley & Sons
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Table 5. Average, maximum and minimum values of the partial color differences
obtained and the results of the Hotelling’s and inter-comparison test for the
measurement geometry 45°x:-60° (as -15°) for the inter-comparison pairs: MA98 vs.

BYK-Mac, MA9S vs.

45%:-60° (as -15°)

Color Research and Application

FX10 and BYK-Mac vs. FX10.

MA98 vs. BYK- mac

MA98 vs. FX10

BYK- mac vs. FX10

Average

IMax|

IMin|

P

Lar

AE,

AL* Aa* Ab*
3.87 1.37 2.01
9.47 7.16 6.45
1.09 4.03 5.15

0.000
0.806

4.988

AL* Aa* Ab*
12.55 3.08 4.26
29.58 12.44 15.50
1.02 9.82 11.56

0.000
1.622

14.278

AL* Aa* Ab*
8.75 2.31 292
21.53 10.29 12.35
0.18 8.40 8.15

0.000
0.037

10.169

John Wiley & Sons
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Table 6. Average, maximum and minimum values of the partial color differences
obtained and the results of the Hotelling’s and inter-comparison test for the
measurement geometries 75°x:-30° (as -15°) and 75°x:0° (as +15°) for the inter-

comparison pair MA98 vs. FX10.

75%:-30° (as -15°) 75%:0° (as +159)

AL* Aa* Ab* AL* Aa¥* Ab*

Average 4.15 1.73 2.68 221 1.18 1.89

|Max]| 16.23 8.15 12.29 5.96 4.00 6.05

\Min| 0.641 9.61 6.51 10.86 6.03 4.89
P 0.000 0.000
e 1.325 1.206
AE:b 5.660 3.507

John Wiley & Sons
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Figure 1. a) CIELAB color differences (Ab* vs. Aa* and AL* vs. AC*ab) for the inter-comparison pair
X-Rite MA98 and BYK-mac. b) CIELAB color differences (Ab* vs. Aa* and AL* vs. AC*ab) for the
inter-comparison pair X-Rite MA98 and MAGSII.
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Figure 2. CIELAB color differences (Ab* vs. Aa* and AL* vs. AC*ab) for the inter-comparison pairs
MA98 vs. BYK-mac, MA98 vs. FX10 and BYK-mac vs. FX10, for the measurement geometry 45°x:-
600 (as -159).
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Figure 3. CIELAB color differences (Ab* vs. Aa* and AL* vs. AC*ab) for the inter-comparison pairs
MA98 vs. FX10 for the measurement geometries 759x:-30° (as -15°) and 75°x:0° (as +159).
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