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Abstract The aim of this article is to propose a model
to automatically predict visual judgement of sparkle
and graininess of special effect pigments used in
industrial coatings. Many applications in the paint
and coatings, printing and plastics industry rely on
multi-angle color measurements with the aim of
properly characterizing the appearance, i.e., the color
and texture of the manufactured surfaces. However,
when it comes to surfaces containing effect pigments,
these methods are in many cases insufficient and it is
particularly texture characterization methods that are
needed. There are two attributes related to texture that
are commonly used: (1) diffuse coarseness or graini-
ness and (2) sparkle or glint impression. In this paper,
we analyzed visual perception of both texture attri-
butes using two different psychophysical studies of 38
samples painted with effect coatings including different
effect pigments and 31 test persons. Our previous work
has shown a good agreement between a study using
physical samples with one that uses high-resolution
photographs of these sample surfaces. We have also
compared the perceived (1) graininess and (2) sparkle
with the performance of two commercial instruments
that are capable of capturing both attributes. Results
have shown a good correlation between the instru-
ments’ readings and the psychophysical studies. Final-
ly, we implemented computational models predicting
these texture attributes that have a high correlation
with the instrument readings as well as the psychophys-
ical data. By linear scaling of the predicted data using
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instruments readings, one can use the proposed model
for the prediction of graininess and both static and
dynamic sparkle values.

Keywords Sparkle, Graniness, Psychophysics,
Gonioreflectometer

Introduction

The texture of visible effect pigment particles is one of
the important features for effect coatings characteri-
zation. Although a standard for measuring and ana-
lyzing coating texture is still missing, the paint and
coatings, printing and plastics industries have roun-
tinely been using texture features for quality control
purposes for almost a decade. These two features
describing coating texture are graininess and sparkle.
While graininess (often denoted as diffuse coarseness)
characterizes visibility of particles for diffuse illumina-
tion, the sparkle is related to the number of sparkling
particles per unit of paint surface area and their
intensity (for a fixed directional illumination often
denoted as glint impression, see Fig. 1). Although
there is no standard for capturing and evaluating
graininess and sparkle, one of the suggested definitions
of graininess is: The sensation of non-uniformity in a
surface produced in the consciousness of the observer
only when such a surface is viewed under diffuse or
partially diffuse illumination. Similarly, one of the
sparkle definitions is: The sensation of randomly
distributed, unstable and highly-luminous objects on a
more extended and darker surface with uncorrelated
lightness.

Despite wide usage of these texture features in
industry, their relation to computational visual quali-
ties of effect coatings is unknown. In our recent study,’
we compared differences in the so-called perceived
sparkle effect in physical samples painted with effect
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Fig. 1: An example of sparkle in effect coating

coatings using different effect pigment particles, paint
systems, colors and pigment particles size. We used a
set of 38 samples and performed psychophysical studies
on physical samples and their high-resolution pho-
tographs, obtained using a goniometric setup. Our
comparison has shown a positive agreement between
results obtained from both studies and demonstrates
that the captured data can serve as an accurate
representation of the physical samples.

The purpose of this paper was to use psychophysical
studies to assess to what extent goniometric image data
can be used to substitute real samples of effect coatings
without losing visual information on sparkle and
graininess, and how such data relate to readings of
commercial devices capable of analyzing these quali-
ties.

In this paper, we build on these results and, through
a set of psychophysical studies, we analyzed the
perceived graininess and sparkle and

e Compared results of the psychophysical assessment
with readings of two commercially available instru-
ments,

e Tested computational models of graininess and
static sparkle providing a reliable fit with the
psychophysical data,

e Analyzed dynamic sparkle effect and proposed an
approach to its computational characterization.

This paper is organized as follows: In ‘“Related
work” section, we discuss related work. “Tested
coatings” section introduces our test sample set.
“Methodology” section explains methodology of our
psychophysical tests. “Experiments’ section shows the
results of psychophysical studies on real samples and
their photographs. “Comparison to industrial devices”
section compares psychophysical judgments of sparkle
and graininess to readings of commercial devices.
“Prediction of sparkle and graininess’’ section demon-
strates performance of computational models of
sparkle and graininess on the test dataset. Finally, in
“Implication to dynamic sparkle model” section, we
compare perceived dynamic sparkle with a suggested
computational model. “Conclusions” section discusses

the achieved results and includes directions for future
work.

Related work

One of the first surveys on applications of angle-
dependent optical effects deriving from sub- mlcron
structures of films and pigments was presented.? Effect
pigments can be, based on the principle of chroma and
sparkling effect generation, roughly divided into three
categories that 1n practice, are often combined in
coating systems:>* (1) metallic pigments relying mainly
on geometrical properties of pigment flakes and their
reflectance, (2) interference pigments where color
effects are caused by light wave interference with a
transparent substrate coated with materials of high
refractive indices, and (3) diffractive pigments decom-
posing light at a diffraction grating of a frequency close
to the wavelength of the incoming light.

As the main goal of this paper is to analyze the
relationship between the real and captured texture of
effect coatings, and its assessment of sparkle and
graininess in effect coatings using commercial devices,
we overview topics on (1) coatings texture analysis, (2)
methods of effect coatings modelling, and (3) industrial
characterization of coatings textures.

Visual assessment of effect coatings textures

The texture effect of special effect coatlngs has been
studied for several decades. Kitaguchi et al.” assessed
graininess of metallic coatings on real specimens and
their photographs and concluded that there is no
difference in accuracy regardless of the photographed
area magnification. Kirchner et al® applied psy-
chophysical tests to identify a diffuse coarseness and
glint impression under either diffuse or directional
lighting as important texture features of effect coatings.
They have shown that trained observers can distinguish
between 8 and 10 levels of such features with high
mutual consistency. Observers’ repeatability and
reproducibility were around 0.5 on an eight point
scale. Huang et al.” proposed a method predicting total
visual differences of effect coatlngs based on variations
in color, coarseness, and glint impression. The method
depends on the type of illumination used. Rentschler®
has shown a systematic variation of sparkle and
gralnlness for different effect pigment types and
particle sizes. Dekker et al.” psychophysically analyzed
color, sparkle and graininess and used the information
to derive a total ap(})earance difference equation. The
Kirchner and Ravi - overview recommended color and
texture tolerances appropriate for use in the automo-
tive industry. For coating texture, they report a sparkle
grade parameter introduced by the BYK-Gardner
company, defined as a geometrical mean of sparkle
intensity and sparkle area. Kirchner et al.'' borrowed a
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motivation from astronomy and used it for predicting
the number of Vlsually distinguishable flake intensities.
Wang and Luo'? ran several psychophysical studies to
validate sparkle and graininess readings of the BYK-
mac commercial device by BYK-Gardner company.
Seubert et al.'? analyzed the relationship between flake
orientation and coating appearance and created a
model of scattering behavior for metallic paint sys-
tems.'*

Gémez et al.'”® compared human observations of
sparkle to the sparkle readings of BYK-mac device.
They found a good correlation to the sparkle grade for
geometry 45°/aspecular 45° intensity, but much worse
correlation for sparkle intensity and area.

Wang and Luo'” carried out visual studies for
diffuse coarseness and glint impression and compared
the psychophysical data to readings of the BYK-mac
instrument. By data dimensionality analysis of the
sparkle space by means of multi-dimensionl scaling,
they identified two main dimensions related to the
sparkle intensity and sparkle area. They concluded that
the glint impression is highly related to the particle size
of the effect pigment used, which is the main factor
controlling the sparkle intensity, alongside full width at
half-maximum (FWHM) obtained from dense multi-
angle BRDF measurements

Tacomussi et al.'® psychophysically analyzed the
sparkle effect of mica-based effect pigments of differ-
ent particle size distributions under different illumina-
tion conditions and compared the results with readings
of the BYK-mac instrument.

Visual effects of dynamic behavior of sparkle
pattern have not been studied in depth so far. Kirchner
et al.° pointed out the importance of the dynamic
character of glints and suggested the analysis of the
visibility of a particular glint spot dependmg on the
angle of illumination. Filip et al.' have shown an
experiment with 38 samples where there are significant
differences between perceived static sparkle obtained
as and image and dynamic sparkle obtained as a
collection of images for different illumination polar
angles.

New approaches to measurement and visual assess-
ment of texture features of effect coatmgs have
emerged in recent years. Amookht et al.'” used a
scanner to characterize visual coarseness of silver and
blue metallic coatings. Authors tested several analyt-
ical methods such as the auto-correlation function and
the wavelet transformation and have shown their
agreement with data obtained from visual studies.
Watanabe'® constructed a device that evaluates the
multi-angle sparkle impression in one shot, based on a
line spectral camera, light source, and motorized
rotation stage. He developed a method for quantifying
the sparkle impression based on spatial frequency
characteristics and confirmed a good correlation to
visual studies and the MA-T12 instrument by X-Rite.
Perales et al.'” evaluated graininess captured by the
BYK-mac instrument using visual scaling constructed
by the rank-order and paired-comparison psychophys-

ical methods. After visual scaling, authors achieved
good_correlation between both magnitudes. Ferrero
1Y presented the current progress in the definition
of traceable sparkle measurands and their measure-
ment by several national metrology institutes. This
work introduces a complete guidance for sparkle
definition and measurement, experimentally supported
by a good match between measurement and visual
data.

Modeling and visualization of texture effects
of effect coatings

One of the first attempts at the modeling of these
materials by means of the BRDF model was done by
Giinther et al.?!, where the spat1a1 sparkle effect was
introduced usmg either a physical®® or statistical****
model of sparkling flake sizes and orientations. Later,
Durikovi¢ and Mihalik>® introduced a method of
separately capturing and fitting BRDF data and
spatially varying sparkle effects. More advanced tech-
niques extend to spatially varying appearance repre-
sentations using the bidirectional texture function
(BTF). Rump et al.*® collected dense BRDF measure-
ments from a large measured sample due to the close
proximity of camera and light. They fit the Cook-—
Torrance model to measured BRDF data and the fitted
values were subtracted from all BTF images, providing
spatially varying sparkle data further compressed by
principal component analysis. At the visualization
stage, the BRDF value is combined with a randomlzz
sampled BTF patch. In follow up work, Rump et al.

proposed the detailed angular analysis of flake prop-
erties using video. The obtained information was used
for a proper sampling and example-based compression
of the measured BTF of paint. The compression is
based on histogram clustering and achieves signiﬁ—
cantly higher compressron rates than the previous
approach. Golla and Klein®® further reduced memory
footprint and computational costs of this model to
allow real-time hi §h quality renderings in VR applica-
tions. Lans et al.”” presented an empirical approach to
the realistic modeling of special effect flakes which fit
patch-based model parameters using sparse texture
data obtained by a portable multi-angle spectropho-
tometer. Kirchner and Ravi’’ related statistical param-
eters of the paint composrtlon to perceived texture
parameters of sparkle and graininess. Ferrero et al.*!
proposed a simple analytical model of sparkle and
graininess based on basic parameters of optical system
and illumination and observation conditions. Authors
studied contrast and density of sparkle spots at
different illumination/observation geometries to estab-
lish the sparkle/graininess characteristic of a specific
effect coating. While the contrast between the sparkle
spots and background is determined by the specular
reflectance of the flakes, their size and diffuse
reflectance of the coating, the density of sparkle spots
is determined by the orientation distribution of the
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flakes and their flatness. Kirchner et al.** proposed a

model for effect coating visualization based on a multi-
spectral BRDF, which is capable of rendering sparkle
as well as gloss, based on objective measurements of
both parameters.

Industrial characterization of texture

Early methods applied to effect coatings characteriza-
tion back in the seventies and eighties considered only
two to four geometries to be sufficient for coating
characterization of solid colors.” With the onset of
effect pigments, more geometries turned out to be
necessary and development conver%ed to the accep-
tance of standard ASTM E 2539-08°* that was later on
further extended to ASTM E 2539-12.° Several
industrial instruments have been introduced in the last
three decades. BYK-mac by BYK-Gardner™® uses five
ASTM in-plane scattering geometries plus an addi-
tional view of the geometry 45°/light 15° aspecular.
This device pioneered the effect coating texture
analysis represented by two proprietary texture fea-
tures: graininess obtained for diffuse illumination, and
sparkle obtained for three illumination directions and a
fixed viewing direction 0°. Such a texture analysis has
also been included in the recent instrument MA-T12°’
which captures ASTM geometries plus a further four
samples for illumination at 15°. MA-T12 used the
Helmholtz reciprocity and substitutes incoming and
outgoing directions. Therefore, it features two pickup
angles: at 15° and 45° and six illumination directions
defined by ASTM geometries. Due to this, the sparkle
is evaluated for a viewing angle of 15° and six
illumination directions.

In this paper, we compare human observers’ visual
judgments of sparkle and graininess obtained for real
samples and their digital photographs with readings of
commercial devices, and outputs of tested computa-
tional models.

Tested coatings

For the purpose of our analysis, we collected a set of 38
effect coatings featuring different pigment types, coat-
ing systems and basecoat colors. They are listed in
Table 2. Each sample has a unique identifier consisting
of three letters:

The first letter defines pigment type: A—an auto-
motive coating including aluminum flakes of silverdol-
lar morphology with a mean particle size of 15 to 30
pm, M—mica, C—combines aluminum and mica and
pigments with a mean particle size of from 15 to 30 pm,
D—diffractive coating including a diffractive effect
pigment with a mean particle size 20 to 150 pm. U—a
high-sparkle contrast, pearlescent coating including an
ultra-thin, colored aluminum pigment (UTP) with a
mean particle size of 21 pm, V—a mirror-like, highly-

reflective coating based on well-aligned and oriented
vacuum metallized pigments (VMPs) with a mean
particle size of 12 pm.

All but V feature high sparkle contrast due to
angularly dependent pigment reflectivity and are
highly specular due to a clearcoat used on top of the
effect pigmented basecoat layer. The diffractive pig-
ment D exhibits a unique, gonioapparent chromaticity
due to a regular grating of pigment flakes introduced
by means of optical lithography.

The second letter defines the coating system used:
S—solventborne, P—powder coating and W—water-
borne.

The third letter
(B—black, W—white).

If the information is not available, the letter is X.
Photographs of the coating panels captured for the
point-light source are in Fig. 2. A more detailed
description of tested samples is given in the “Ap-
pendix”. For the majority of samples, we know the
mean particle sizes for distributions D10, D50, and
D90; however, for those where these values are
unknown, we performed a basic analysis of the pigment
size. We used the digital optical microscope Bresser
Biolux Touch. The optical calibration was done using
the NIST traceable glass target with a defined size of
dots where one pixel corresponded to 0.36 pm. For
each coating, we measured the size of five typical flakes
selected manually. Figure 3 shows the average flake
sizes for individual coatings tested.

defines the basecoat color

Methodology

In two psychophysical studies, we investigated grain-
iness and sparkle for all 38 samples described in
“Tested coatings” section. In both studies, a group of
observers assessed the samples and evaluated (1)
perceived graininess and (2) sparkle on an eleven-
point Likert-like rating scale, where 0 corresponds to
the lowest and 10 to the highest intensity. This range
should represent only the span of materials within the
study, and according to the literature,® this should
sufficiently cover the visual range of sparkle effect.
This design we adoPted as it is dominant in image and
video experiments.”®

The observers rated both properties separately for
each of the samples investigated. In order to make the
perceptual scaling task easier, each stimulus contained
all evaluated samples. The observers were aged 22 to
54, all having normal or corrected vision and naive with
respect to the purpose of the experiment.

Experiment 1—Real samples
In the first experiment, we placed all test samples on

the table labeled with corresponding numbers as shown
in Fig. 5. The table was placed near a window.
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17. DPB4 18. DPBS5 19. UXX1 20. UXX2
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5. DPW3
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21. UXX3 22. UXX4 23. DSB4 24.DSB3
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M

38.MWB4

Fig. 2: Photographs of the tested coatings with a point light illumination
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Fig. 3: Measured average effect pigment particle size of the tested coatings using an optical microscope

Graininess was evaluated only under indirect daylight
illumination, while sparkle was evaluated under direc-
tional illumination using a single warm-white LED
lamp (2376 lux, 2700K) in a darkened office environ-
ment (see Fig. 4). Observers were allowed to move the
samples, but not change the lighting conditions. There
was no time restriction on the task. A total of 20 naive

observers participated in the experiment. Each session,
i.e., the evaluation of graininess and sparkle for each
sample, typically took 30 min. The subjects’ task for
graininess was the following: Evaluate structure/grain
visibility of each sample on a scale from 0-10, where 0
and 10 should correspond to the sample with the lowest
and highest visibility. For sparkle they were asked:
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Jointly evaluate the number and intensity of sparkling ~ Experiment 2—Photographs of samples

reflections of each sample on a scale from 0-10, where 0

and 10 should correspond to the sample with the lowest  In the second experiment, we analyzed perceived

and highest sparkle. sparkle and graininess values to validate if our image-
based measurements can directly be used to substitute
assessment of real specimens. We used high resolution
photographs of the same samples obtained by a

experiment sparkle (5 geometries)

diffuse illumination . 15
daylight directional illumination =30 30

indirect lamp
- illuminatio . '
\ \ -60
samples samples

I'T T

Fig. 4: The design of the experiment set up
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Fig. 6: Geometries used for sparkle analysis in experiment 2
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Fig. 5: A table with materials as seen by the observers
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Fig. 7: Examples of stimuli images for graininess (top) and sparkle for 6; = 0° (bottom)

goniometer’’ with a 16Mpix RGB camera. The dis-
tance of the camera sensor from the sample was 2 m.
In our experiments, we used a resolution of 353 dpi
(i.e., 67 um/pixel). We used an in-plane geometry with
respect of the viewing polar angle 0, = 45° and five
illumination polar angles as shown in Fig. 6. We
selected the illumination angles in such a way as to
obtain the same differences between viewing and
illumination directions as those used in commercially
available sparkle measuring devices (see Fig. 9). Rel-
ative angles to viewing direction were —15°, 15°, 45°,
60°, and 75°. Also, this arrangement is in agreement
with the observation'® that geometry 45°/aspecular 45°
has better agreement of user studies to device readings
than geometry 15°/aspecular 15°. We captured the
images for all 38 materials of our sample set, in five
geometries. To obtain an approximation of graininess
using our goniometer with a single point light, we

captured the images at the in-plane geometries for 151
illumination angles in one degree steps and computed
the average value across all 151 images. This approach
represents the global illumination using a set of
discrete directional lights which is often used for
material appearance relighting in computer graphics.
Then, photographs of all 38 tested samples were
compiled into a single image with a resolution of
1920 x 1080 pixels, where each subimage 240 x 240
pixels corresponds to approximately 16 mm? of the real
specimen. Examples of stimuli images for graininess
and sparkle are shown in Fig. 7. Alongside static
images, we also prepared dynamic stimuli to assess
perceived impression of dynamic sparkle. To this end,
we used a video sequence of coatings samples captured
from the same viewpoint at elevation 45° with an
illumination ranging in-plane between elevations of
—75° to 75°, measured at increments of 1°. Subject
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Fig. 8: Values of (a) graininess and (b) sparkle obtained in experiments with real samples and their photographs

again assessed sparkle impression on a scale between 0
and 10.

The stimuli images were shown on a screen of a 24”
color-calibrated studio monitor and the observers
assessed (1) graininess and (2) sparkle of individual
samples. There was no time restriction on the task. A
total of 11 naive observers participated in the exper-
iment. Each session, i.e., evaluation of graininess and
five variants of sparkle of each sample, typically took
60 min.

Experiments

This section shows our results for the psychophysical
assessment of sparkle and graininess on physical
samples as well as their measurements.

Psychophysical evaluation of real samples

Prior to the data analysis, we checked the presence of
outliers and assessed agreement across observers. First,
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Table 1: Correlations of graininess and sparkle values
between experiments using real samples and their
photographs for viewing polar angle 0, = 45°

Polar Aspecular r p-value
Graininess  — - 0.873 0.0
Sparkle 0; = —60° 105° 0.787 0.0
Sparkle 0; = —30° 75° 0.774 0.0
Sparkle 0; =0° 45° 0.684 2.0e-6
Sparkle 0; =15° 30° 0.331 4.2e-2
Sparkle 0; = 30° 15° 0.616  3.9e-5

we performed an outliers rejection by removal of
values differing from the mean subject response for
more than 5 scale points. A total of 39 outliers were
found representing 2.4% of the 1520 values recorded in
the study.

Next, we checked inter-observers agreement using
the Krippensdorff alpha*’—a statistical measure of the
agreement generalizing several known statistics. Out-
put ax = 1 represents an unambiguous indicator of
reliability, while O does not. The ax values computed
for graininess and sparkle were 0.630 and 0.783,
demonstrating good agreement among the observers.

We also analyzed the significance of differences
between the mean values for all samples using
hypotheses testing of means of individual samples
using Kruskal-Wallis repeated measures ANOVA at
significance level 0.05. The obtained p-values below
2e-7 for both graininess and sparkle demonstrate high
significance.

To get an insight into the typical responses of the
observers, we computed the mean opinion score
(MOS) obtained as an average rating across all
subjects. This is a standard methodology for subjective
quality assessment used especially in the audio and
video industries, and recommended by international
standard organizations such as ITU* or ISO.* The
mean opinion scores in range 0-10 for individual
perceptual attributes and tested materials are shown
for graininess and sparkle in Fig. 8 in blue. The error
bars in the graphs represent the standard error values.

Psychophysical evaluation of photographs

Similarly to the experiment assessing the photographs
of samples, we started with outlier detection, identify-
ing 32 outliers representing 1.3% of the 2508 values
recorded in the study. The Krippensdorff alpha values
computed for graininess were 0.503 and for sparkle
0.790, 0.765, 0.610, 0.599, 0.494, demonstrating a
reasonable level agreement among the observers par-
ticularly for the first two geometries. We performed
hypothesis testing using repeated measures ANOVA
at significance level 0.05. We obtained high statistical
significance of the results with p-values below 3e-9.

BYKmac sparkle (3 geometries)

MA-T12 sparkle (6 geometries)
~15 0

0 =30 -15 30

(a) BYK-mac (b) MA-T12
Fig. 9: Geometries used for sparkle evaluation in two
commercial devices: (a) BYK-mac, (b) MA-T12

The computed mean opinion score values are shown
alongside MOS values from the first experiment in
Fig. 8 in blue color.

We also computed correlations between the results
for both experiments. Table 1 shows Pearson correla-
tion coefficients computed between results of both
experiments (including p-values) (Fig. 8).

The correlation of perceived graininess in real
samples and their photographs was relatively high
r = 0.873; however, we can observe that the UTP
pigments (UXX1-4) and some aluminum-based effect
pigments (AXX1...AXX4) recorded values that were
almost twice as high in the assessment of photographs
than of real samples, while for mica-based sample
(MSB), we observed the inverse behavior.

We also observed good correlation values for
majority of sparkle geometries with the highest values
recorded for nearly retro-reflective illumination, i.e.,
—60° (as 105°), —30° (as 75°). Reasonable correlation
was also attained for normal illumination 0° (as 45°).
As this illumination geometry is also commonly used in
commercial instruments and recommended by other
studies,” our results for this geometry are shown in
Fig. 8 for this geometry. These differences to the
assessment of real specimens can be due to two factors.
First, the limited camera resolution of our system, that
is not able to correctly record behavior of isolated
pigments, which are smaller than the covered pixel
size. In such a case, high brightness of the pigment
particle is projected onto pixel area which is larger than
the particle itself. Second, a limited dynamic range of
displayed stimuli images can mask faint but sharp glints
of lower intensities, that are projected onto a single
pixel. This is particularly apparent for samples based
on pigments of small particle sizes, e.g., high differ-
ences were recorded for mica-based samples (MXB,
MXW, MSB) where the sparkle perceived from pho-
tographs was much lower than from real samples. We
assume that using system with higher DPI would
further improve agreement of the responses.

Detailed correlation plots comparing results of both
experiments are shown in the first row of Fig. 18.

Discussion of limitations

Although the presented results show that the captured
image data reliably preserve sparkle effects, there are
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Fig. 10: A comparison

angles

still differences for specific samples. They can be,
among others, attributed to the following factors. First,
our camera resolution is limited and cannot reliably
distinguish between several sparkles of smaller closely
located flakes, although this effect is probably not of
great importance as our visual system would consider
them as one spot.

Second, although our photographs are recorded in
high dynamic range (HDR), the color-calibrated studio
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of sparkle level values obtained by (a) BYK-mac and (b) MA-T12 for different polar illumination

monitor used in the psychophysical experiments had
only limited dynamics that migh have diminished the
intensity levels of sparkle spots.

Third, while in the first experiment subjects assessed
physical samples of minimal size 5x5 cm? in the
second experiment, we used only a limited spot of the
captured sample corresponding to approximately
0.6 x 0.6 cm®. Although Kitaguchi et al.** suggested
that the size of the sample area presented to the
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Fig. 11: A comparison of (a) graininess and (b) sparkle values obtained for two tested commercial devices (capturing
geometries 0°/45° and 15°/30°) and our psychophysical experiments using real samples and their photographs

observer is not important and observers tend to focus
on only a part of the sample, this could make a
difference if the selected spot is not representative
enough to deliver all modalities which need to be
considered under sparkle. As we carefully selected
samples which were flawless, and also carefully
selected the captured area, and checked the captured
image, we assume that we minimized such a risk.

Fourth, the graininess data were obtained by linear
combination of contributions of different in-plane
lighting directions after an angular step of one degree.
This approximate representation of graininess data
could also slightly bias our results.

Mean opinion scores of psychophysical data aver-
aged across all subjects are shown in the “Appendix”’.
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Comparison to industrial devices

As mentioned in ‘“Related work” section, there are
mainly two devices of commercial and technical
relevance that are capable of directly measuring grain-
iness and sparkle: the so-called BYK-mac device by
BYK-Gardner’® and MA-T12 by X-Rite.”” In this
section, we compare the performance of these devices
with the results from our psychophysical studies.

Sparkle geometries captured by both devices are in
the plane of incidence and they are shown in Fig. 9,
where the bold arrow stands for the observation
direction and the regular arrows for the illumination
directions.

As the devices do not capture the same geometries,
we assessed sparkle using both devices on the closest
geometries. Note that there is a shift of geometries
between the devices of 15° as the BYK-mac has a
viewing angle of 0°, while MA-T12 has one of —15°.
However, the relative angular differences between
light and sensor are the same for both devices, while
MA-T12 offers recording of two additional illumina-
tion angles. Thus, for a direct comparison we used only
directions —15°, 45°, and 75° (corresponding to — 30°,
30°, and 60° for MA-T12). Figure 10 shows sparkle
values for all three tested geometries. We observed a
slightly increasing tendency with an increasing aspec-

sparkle
BYE AT exp el PP oee!

graininess
BYE AT gp ety P50

BYK BYK
MAT MAT

exp real exp real
exp photo exp photo
model model

Fig. 12: Correlation of graininess and sparkle values
between two commercial devices, results of our
psychophysical experiments and the implemented model

ular illumination angle for both devices, and only the
BYK-mac readings change this trend for aluminum-
based metallic pigment samples AXX2 and AXX3 with
22 pm particle size. When comparing both devices, we
observe significantly higher responses from the MA-
T12 for the diffractive pigments.

To facilitate a comparison of the device perfor-
mance and the results of our studies, we computed the
average sparkle values across all three captured
illumination geometries. For our second study, we did
the same, i.e., averaged responses for different geome-
tries. Moreover, we had to rescale values from the scale
of the psychophysical study, i.e., 0-10 to the absolute
scale of the devices. To this end, we performed a linear
fit between averaged values from the devices and from
the experiments, obtaining scaling constants for both
graininess and sparkle. These constants were averaged
across all geometries and we obtained similar values
ks = 2.1 which we used to rescale the psychophysical
values. A side-by-side comparison of graininess and
sparkle values between devices and our studies is given
in Fig. 11.

Results of our studies perform similarly to readings
from the devices. We observed that the scale values
obtained from the experiment with captured pho-
tographs were generally higher, especially in the case
of graininess and aluminum-based effect pigment
samples. The agreement of our experiments with the
devices’ readings was similar for graininess and
sparkle, while slightly better for the study using real
samples (the Experiment 1).

Finally, we computed the Pearson correlation coef-
ficients between the results for both devices and our
two experiments as shown in Fig. 12. Here, we should
point out the very good agreement of both devices in
both statistics. As said before, the results of the
experiment with real specimens were better correlated
with the devices than the results of the experiment with
photographs, while the MA-T12 achieves better cor-
relation for graininess and BYK-mac for sparkle.
Detailed correlation plots comparing results of our
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Fig. 15: Pearson correlation between perceived sparkle in:
(red) real samples and their photographs taken for different
illumination elevations, (blue) static photographs at
different elevations versus dynamic sequence. Green
outline depicts proportional average Iuminance of
observed materials (Color figure online)

experiments, with readings of both devices are shown
in the second, third and fourth row of Fig. 18.

Our studies have show relatively small differences
between perception of sparkle and graininess in real
samples and their captured photographs. Therefore, we
have used only the captured data for testing a
computational model of graininess and sparkle sug-
gested in the following section.

Prediction of sparkle and graininess
Sparkle model

As behavior of sparkle in effect coatings has similar
properties as the stars in the night sky, we followed the
methodology used in astronomy as proposed.'’ In
practice, we computed the apparent stellar magni-
tude® of individual image pixels and thresholded it
using a fixed threshold m;,

2.51ogy, (%) <my, (1)

where Ey = 2.09¢—6 Im/m? is the reference illuminance
and E is pixel illuminance. The magnitude for the
brightest stars has a value m,4 = —4.4, while for just
noticeable stars, it is mp = 6. As we need to detect only
the brightest sparkle spots in the coated samples
including different effect pigments, we set the magni-
tude threshold experimentally so it would correspond
to 15% of the entire interval, L....,
m; =015 (ms —mp) = —1.56. The threshold used
may correspond to the difference in contrast between
the stars in the sky, and glints in coating that have
nonzero ambient background illumination. Further
extension of this approach should also take account
of the effect of background luminance on the contrast
threshold as outlined.”

We evaluated three basic quantities of sparkle image
pixels selected by thresholding: number of sparkle
spots S,, the typical sparkle intensity S;, and the pixel
area occupied by the sparkle spots S,. The number of
sparkle spots S. is obtained as a total number of
continuous pixel areas in the thresholded image. The
sparkle intensity S; is computed as the apparent stellar
magnitude of the median values of sparkle areas. The
sparkle area S, is represented as the percentage of
pixels occupied by sparkles related to the entire image
area. Finally, a sparkle grade S is defined as a
geometric mean of the sparkle area and sparkle
intensity, i.e., S = /S - S,.10

We compared this model performance with the
psychophysical data obtained from the assessment of
physical samples and their HDR photographs. We used
the illumination polar angle 0° (45° aspecular). A
Pearson correlation for the estimated sparkle grade to
sparkle assessed from real samples was 0.812 and to
sparkle assessed from captured images was 0.869.

Although the model provides a promising perfor-
mance, Fig. 13a shows differences for all tested mate-
rials between model predictions and psychophysical
analysis of sparkle. Major differences were recorded
for samples having a fine particle size distribution
(below 20 pm), especially MXB, MXW, MSB VXX1
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Fig. 17: A correlation plot between the dynamic sparkle
model and data from the experiment with a dynamic image
sequence

which are probably due to the limited spatial resolution
of the imaging sensor of our goniometer. This could be
the reason for the almost fixed minimal model
response for those materials.

As the absolute scale of our model results differs
from those of the commercial devices, we computed
robust linear fit between their readings and the model
outputs, resulting in offset value ¢; = 3.99 and scale
value ¢, = 52.72. The final scaling of sparkle grade
values using S = ¢; + ¢S5 in comparison with readings
of the devices is shown in Fig. 13b. The correlation
value with BYK-mac was r = 0.799 and with MA-T12
r = 0.650. See Fig. 12-right for overall comparison.

Graininess model

As our goniometer cannot directly capture samples for
diffuse illumination, we used a method common from
computer graphics, as a linear combination of material
appearance contributions for individual lights. There-
fore, we approximated such illumination by computing

the average image across all 151 images captured in in-
plane configuration, i.e., A =% 3" I

Our implementation follows the procedure sug-
gested by Ferrero et al.** It combines the visual
contribution of two components: (a) graininess vari-
ance and (b) sample luminance. The graininess vari-
ance is represented by a power spectral density P4 of
the averaged image A. P4 was computed using Welch’s
method of periodogram computation in frequency
domain.*” The frequency content is then approximated
by graininess variance summing up discrete frequency
contributions

fu
GfZZ'ZPA(f)» (2)
fr

where f; and fy represent the frequency range of
interest.
The sample luminance factor is

a
G1:1+ﬁ, (3)

with a and b as fixed model parameters. The final
measure of graininess is obtained by multiplication of
both factors G = Gy - G,. For graininess assessment of
our sample set, we used the parameters suggested in**
of having a close fit to BYK-mac readings, i.e.,
fo=127Tmm™', fy=1.69mm™', a=0.12, and
b =0.84. Figure 14a compares model values with
psychophysical data on real samples and their pho-
tographs. The overall model’s Pearson correlation with
psychophysical assessment of graininess on real sam-
ples was r = 0.790, and with psychophysical assessment
of graininess on captured images was r = 0.750.
Similarly to sparkle models, the absolute scales of
graininess are not known. Therefore, we use readings
of commercial devices on a subset of 10 samples to
obtain robust linear fit between the readings and model
outputs, resulting in offset value c3 = 3.8 and scale
value ¢4 = 1658.0. The final scaling of graininess values
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using G =c34cGin comparison with readings of the
devices is shown in Fig. 14b. The correlation value with
BYK-mac was r = 0.651 and with MA-T12 r = 0.729.
See Fig. 12-left for overall comparison.

A similar approach, also based on power spectral
density of image, was suggested by Kitaguchi et al.’,
where instead of summing P4 over only a limited range
and using the nonlinear model of luminance factor,
authors suggest P4 weighting by a contrast sensitivity
function.

Implication to dynamic sparkle model

Psychophysical observations' have shown that, while
photographs of our sample surfaces coated with
different effect paints can reliably deliver information
on sparkle, there is a lack of correlation between the
so-called static and dynamic sparkle. Although in the
previous ‘‘Sparkle model” section and ‘‘Graininess
model” section, we have shown that we can obtain
reasonably accurate predictions of sparkle and grain-
iness, we are still lacking a predictor of angular sparkle
dynamics. In contrast to static sparkle, a common
approach to assessment of dynamic sparkle is missing.
Although there might be similarities between both
modalities, the dynamic sparkle is more affected by the
width of the coating layer, by the orientation of
particles in resin, etc.

We compared dynamic sparkle with the static
sparkle observed at different illumination geometries.
Figure 15 shows a graph of correlation values of
perceived (a) static sparkle, i.e., between experiments
on physical samples and their captured photographs
(red outline), and (b) static versus dynamic sparkle,
i.e., between static photographs and dynamic sparkle
recorded as a video for moving light (blue outline).
The average proportional change of the sample inten-
sity is shown as a green outline. We conclude that
visual assessment of static sparkle on real samples and
their photographs demonstrates the highest correlation
at illumination geometries close to retro-reflective
angles. In contrast, visual assessment of static and
dynamic sparkle from photographs has the highest
correlation values for illumination geometries close to
a specular highlight. This correlations drops when we
approach specular reflection (0; = 30°(as 15°)), where
individual flakes become less apparent due to the
saturation of the visual system.

In a psychophysical study,' ten subjects were asked
to assess dynamic sparkle in videos of 151 frames of 38
coating samples in a range between 0 and 10. Results of
this study are shown in the blue bars of Fig. 16. We
used these results as reference data for the develop-
ment of our dynamic sparkle model.

In general, data from the model have less variance
than those from the visual experiment. The main
differences are shown for mica-based materials MWB2
and MXW.

We analyzed various measures of dynamic sparkle.
A well-known measure of sparkle dynamics is the
angular life-time of sparkle spots.® This feature, often
also denoted as sparkle angular persistence, can be
approximated as a count of consecutive light geometry
indices where values exceed the sparkle threshold
during in-plane movement of the light. This is inte-
grated across all pixels in a coating image. This
summed value across all pixels and light positions is
denoted as P. Bright intensities are considered to be
those exceeding stellar magnitude threshold i, defined
in “Sparkle model” section. The best correlation to
perceived dynamic sparkle obtained from the psy-
chophysical experiment was obtained by a combination
of sparkle persistence P, average luminance L4 of the
sample across all 151 illuminations geometries, and
pigment particle size distribution d experimentally
obtained by the optical microscope as shown in Fig. 3
Sp = %. A Pearson correlation value of this dynamic
sparkle measure to the visual data was r = 0.634 (p-
value 1.6e—4). A comparison of the model to the
perceived dynamic sparkle is shown in the yellow bars
of Fig. 16. However, to obtain an automatic measure,
one has to replace the pigment particle size distribution
d with a related computational model. To this end, we
analyzed the frequency information of individual
images. We applied the image variance V; relying on
power spectral density as defined in the previous
“Related work™ section; however, instead of its appli-
cation to the diffuse image, we applied it directly to
sparkle images, i.e., images taken with a directional
illumination. To avoid bias due to the non-uniform
presence of sparkle effect for all illumination angles,
we computed the variance as mean values of variances
obtained for different illumination geometries. We
empirically derived that averaging variance close to
specular reflection over a range of polar angles 6; =
20 — 30° worked well. Using the final measure

Vi-P
= 4
SD LA ) ( )

we obtained correlation to perceived dynamic sparkle
data r = 0.694 (p-value le—6). The correlation plot is
shown in Fig. 17.

An interesting aspect of visual sparkle assessment is
the effect of color. As samples AXX1, AXX4 and
AXX2, AXX3 have the identical pigment and differ
only in color (silver and blue), we can analyze the
effect of color on the perception of static and dynamic
sparkle. While subjective visual responses to static
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sparkle in Fig. 14 (dark blue columns) differ only
slightly, we observed greater differences for dynamic
sparkle in Fig. 16 (dark blue columns). As expected,
the responses of the proposed models are similar in
both cases regardless of the color. Although, our study
was limited to a relatively low number of samples and
we used dynamic stimuli of only low dynamic range,
the achieved results are a promising avenue for a
future analysis of dynamic sparkle.

Conclusions

This study assessed several sources of effect coating
texture data. In our psychophysical studies, we com-
pared the perceived graininess and sparkle of 38
physical samples (i.e., panels covered with effect paints
including different effect pigments) and their appear-
ance captured using a goniometer. The diffuse illumi-
nation was approximated by a sample image averaged
across multiple directional illuminations. Mutual con-
sistence of both studies has proven that image-based
data convey important information on these texture
effects. Furthermore, we compared the obtained psy-
chophysical data with readings of two commercial
gonioreflectometers, BYK-mac (by BYK-Gardner)
and MA-T12 (by X-Rite). We obtained good correla-
tions between human judgments and device readings
for sparkle and graininess. Finally, we implemented
relative measures for sparkle and graininess and
compared them to the psychophysical judgments
obtained in our study, and with the readings of the
devices. We obtained higher correlations to perceived
data of sparkle (r=0.87) than for graininess
(r=0.79). By scaling using instrument readings, we
obtained approximate standard scaling values for
sparkle and graininess. Alongside the static sparkle
analysis, we also analyzed its dynamic variant and
proposed a relative computational model achieving
promising correlation with perceived dynamic sparkle.
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Appendix

See Fig. 18 and Tables 2 and 3.
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Table 2: A list of the tested effect coating samples and their composition

No ID Pigment Coating Basecoat D10 D50 D90 Details
type method color [um] [um] [um]

01 DPW1 Diffractive Powder White 45 115 210 MultiFlect 150 pm

02 DPB1 Diffractive Powder Black 45 115 210 MultiFlect 150 pm

03 DPW2 Diffractive Powder White 16 35 80 MultiFlect 35 um

04 DPB2 Diffractive Powder Black 16 35 80 MultiFlect 35 um

05 DPWS3 Diffractive Powder White 10 21 44 MultiFlect 30 um

06 DPB3 Diffractive Powder Black 10 21 44 MultiFlect 20 pm

07 DWX1 Diffractive Water MultiFlect medium solids

08 DSX1 Diffractive Solvent MultiFlect medium solids

09 DSX2 Diffractive Solvent MultiFlect high solids

10 DWX2 Diffractive Water MultiFlect high solids

11 DSB1 Diffractive Solvent Black 16 35 80 MultiFlect 35 um, doctor-blade application

12 DSB2 Diffractive Solvent Black 16 35 80 MultiFlect 35 um, doctor-blade application

13 ASX Aluminum  Solvent High solids

14 AWX  Aluminum Water High solids

15 MSX  Mica Solvent High solids

16 MWX Mica Water High solids

17 DPB4 Diffractive Powder Black 16 35 80 MultiFlect 35 um

18 DPB5 Diffractive Powder Black 16 35 80 MultiFlect 35 um

19 UXX1 UTP 10 21 34 Zenexo GoldenShine

20 UXX2 UTP 10 21 34 Zenexo orange

21 UXX3 UTP 10 21 34 Zenexo redi

22 UXX4 UTP 10 21 34 Zenexo red2

23 DSB4 Diffractive solvent Black 16 35 80 MultiFlect 35 um

24 DSB3 Diffractive solvent Black 16 35 80 MultiFlect 35 um

25 CWB1 Combined Water Black

26 MWB1 Mica Water  Black

27 MWB2 Mica Water  Black Xirallic T60-10

28 MWB3 Mica Water  Black Meoxal, Lumina Gold, Iriodin stargold, ColorStream red,
Paliocrom Orange

29 MXB  Mica Black Xirallic T60-10

30 MXW Mica White Xirallic T60-10

31 MSB Mica Solvent Black ColorShift Didpade

32 VXX1 VMP Decomet 060412/10

33 AXX1  Aluminum 4 8 14 AluMotion SO8/CAB58 8 um

34 AXX2 Aluminum 10 22 41 AluMotion S22/CAB58 22 pum

35 AXX3 Aluminum 10 22 41 AluMotion S22/CAB57 22 um blue

36 AXX4  Aluminum 4 8 14  AluMotion S08/CAB57 8 um blue

37 CWB2 Combined Water Black Pyrisma (red, yellow), Astrosmine, Al paste, Paliocrom

Orange, ColorStream, Xirallic
38 MWB4 Mica Water  Black Pyrisma blue, Iriodin (satin, lilac)
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Table 3: CIE Lab values of the tested coatings and results of their sparkle (S) and graininess (G) psychophysical

assessment using real samples and their photographs/video

No ID L a b Sreal Sphoto Greal Gphoto Svideo
01 DPW1 86.5 - 29 — 6.8 7.7 7.7 6.3 9.5 6.0
02 DPB1 20.4 —12.6 4.2 9.6 8.3 9.2 9.1 6.5
03 DPW2 80.8 - 32 —-7.0 5.9 6.3 4.2 4.7 4.4
04 DPB2 28.7 — 6.7 - 6.0 8.0 7.6 7.0 7.5 6.6
05 DPW3 84.4 — 3.1 —-75 3.9 5.6 2.7 3.3 3.8
06 DPB3 23.4 —43 - 10.0 6.4 6.8 4.5 6.0 6.3
07 DWX1 48.4 — 121 - 91 8.3 9.5 71 7.5 9.9
08 DSX1 42.3 - 1141 - 57 8.0 8.8 6.6 7.5 8.5
09 DSX2 48.0 - 11.0 - 53 8.0 9.3 7.2 8.3 8.9
10 DWX2 50.8 — 6.6 - 29 7.8 7.8 6.4 6.8 7.9
11 DSB1 11.7 -17 - 241 3.6 3.3 29 4.7 3.3
12 DSB2 19.2 - 35 - 37 5.6 5.3 4.6 7.2 4.8
13 ASX 55.0 - 3.0 — 0.8 6.2 4.2 6.8 7.5 6.0
14 AWX 59.5 - 29 — 4.6 5.7 3.5 5.9 6.6 6.4
15 MSX 51.7 — 3.6 - 54 4.0 4.5 5.9 5.7 6.0
16 MWX 50.5 — 3.1 —-78 3.6 3.2 4.6 4.7 5.5
17 DPB4 16.4 - 07 -17 4.3 1.9 3.5 5.5 2.9
18 DPB5 19.5 - 35 - 29 6.0 3.0 55 6.0 3.8
19 UXX1 53.2 3.0 44.5 3.8 4.6 29 5.6 7.9
20 UXX2 37.8 17.8 33.6 3.5 3.5 3.1 4.8 7.5
21 UXX3 24.6 35.6 245 3.2 2.7 24 4.4 6.3
22 UXX4 245 44.3 28.6 29 2.8 1.6 2.8 5.5
23 DSB4 30.5 —-74 - 34 6.5 7.0 7.6 7.5 6.9
24 DSBS3 15.9 — 34 - 29 6.1 4.9 5.7 53 5.2
25 CwWB1 60.7 -1.0 0.4 4.4 4.8 29 5.1 71
26 MWB1 8.7 — 0.6 1.6 2.0 0.9 1.2 24 21
27 MWB2 51.8 -1.3 —94 4.2 4.0 2.0 3.2 6.2
28 MWB3 22.1 39.7 24.8 2.6 11 0.9 0.4 3.2
29 MXB 8.9 - 04 - 04 6.4 1.1 2.8 3.0 41
30 MXW 90.9 — 26 - 6.7 2.2 0.3 0.3 0.7 15
31 MSB 37.0 1.7 1.4 7.2 1.8 8.4 4.7 4.9
32 VXX1 49.2 -1.8 - 04 0.9 1.9 0.5 1.4 4.6
33 AXX1 68.5 - 25 -1.3 1.1 25 1.3 2.2 5.2
34 AXX2 58.3 - 27 — 0.6 29 2.8 2.2 4.7 5.6
35 AXX3 53.2 —-10.2 - 1.2 2.7 3.3 2.1 4.6 6.5
36 AXX4 65.2 — 83 - 71 1.2 2.6 0.6 2.6 6.2
37 cwB2 26.7 0.5 51 4.2 4.3 3.5 4.9 6.8
38 MWB4 16.4 -1.2 - 11.0 1.7 2.2 1.1 1.6 5.6
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