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Quantification and prediction of visually perceived specular gloss
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Abstract In the present study, attempts were made to
clarify the existence of a correlation between visually
perceived and instrumentally measured specular gloss of a
series of achromatic samples. To this end, seven achromatic
physical scales of specular gloss each consisting of 10 or 11
samples were prepared using lithographically printed
black, white, and five in between gray papers. The samples
were visually assessed and subsequently quantified in terms
of a visually uniform color constant lightness scale, by a
panel of 14 observers in an especially designed unidirec-
tional light compartment at three illumination/observation
geometries, namely 20°/20°, 60°/60°, and 85°/85°. Four
statistical parameters were utilized to determine the
correlation between visually perceived and instrumentally
measured specular gloss. The results show that the instru-
mental 60°/60° geometry is capable of efficiently quantify-
ing the equivalent specular gloss as perceived by a human
observer. Surprisingly, it was also possible to accurately
predict the visually quantified specular gloss both at the 20°
and the 85° geometries by the aid of applying special linear
relationships derived from the instrumentally measured
specular gloss of the 60° geometry.
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Introduction

Specular gloss as defined by the ASTM D523 standard
is the relative luminous reflectance factor of a speci-
men in the specular/mirror direction,' and is one of the
most important aspects of visual appearance in a
multitude of industries such as automotive, surface
coatings, printing, and packaging, etc.

Appearance is the result of a series of complex
interactions of incident light with an object, which is
influenced by the composition of the incident light, the
optical characteristics of the object itself, and the
human perception mechanism. These interactions
modify the appearance of the object and are subdi-
vided into two distinct categories, namely chromatic
and geometric attributes.>® Chromatic or color attri-
butes depend on spectral composition of the incident
light, spectral reflectance or transmittance of the
object, and spectral response of the observer, as well
as on the illuminating and viewing geometries.* Fortu-
nately, color is well defined and can be quantified by
recommendations made by the well-known CIE sys-
tem, using conventional or specially designed spectro-
and/or goniospectro-photometers.”

To the contrary, geometric attributes which are
associated with the way in which the object reflects
white light at various angles of observation, particu-
larly reflected light at or near the specular angle, are
very vaguely defined and are much more complicated
to assess visually or instrumentally.

It may not be an overstatement to claim that gloss is
probably the most important geometric appearance
attribute. Gloss perception is associated with the way
in which an object reflects white light at various angles
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of observation, particularly reflected light at or near
the specular angle.”®

For many years, specular gloss, defined by Hunter’
as the ratio of the light reflected from a surface at a
specified angle to the incident light on the surface at
that same angle but on the other side of the surface
normal, was taken to be the only aspect of gloss
appearance. Hunter, however, was the first to recog-
nize the multidimensional nature of gloss percep-
tion.”1% Since then, considerable efforts have been
made by many workers to investigate gloss perception
and to clarify its multidimensionality.' ™"

Such works have demonstrated the complexity of
gloss perception as well as a poor correlation between
visual assessments and associated measurements using
conventional measuring instruments, namely glossme-
ters, in addition to inconclusive findings regarding the
multidimensional nature of gloss perception.

Using a series of achromatic paint samples, having
various levels of specular gloss, distinctness of image
and haze, O’Donnell'” investigated the multidimension-
ality of gloss perception by a multidimensional scaling
technique (MDS). However, it was found that the
observers were able to recognize only one attribute.

In an attempt to derive a psychophysical model for
gloss, Ferwerda et al.'® employed graphically synthe-
sized images of a sphere enclosed in a checkerboard
box which were virtually illuminated by an overhead
light source. Using a multidimensional scaling tech-
nique (MDS) they identified contrast gloss (CG) and
distinctness of image (DOI) as possible dimensions of
gloss perception. They also defined a psychophysically
based model for gloss which they claimed was able to
predict perceived gloss as a function of contrast gloss,
distinctness of image, and the CIELAB lightness (L*).

The lack of a correlation between visually perceived
gloss and the respective instrumental measurements
has been investigated by some researchers.

Harrison and Poulter'' studied the correlation
between visual gloss and specular reflection (S) using
10 glazed papers at various levels of lightness, visually
evaluated by 164 observers. They found that there is
not an explicit relation between visual gloss scales and
the corresponding instrumentally measured gloss val-
ues. In an attempt to find a correction factor, the
following equation (equation (1)) was derived to
express the visual gloss (G) as a function of specular
reflection (S) and lightness (L):

G :S<O.2+%) (1)

A non-linear relationship between visual and instru-
mental gloss has also been reported by O’Donnell and
Billmeyer,m Obein et al.,>'> 19 Jj et al.,'> and Leloup
ot al 16172021

Such discrepancies, however, may be attributed to
some intrinsic practical limitations of the glossmeter
itself.”!
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A standard glossmeter measures the magnitude of
light reflected from the surface in a small solid angle
around the specular direction.”? It has been demon-
strated that relative dimensions of the light source and
receptor apertures (i.e., illumination and detection
solid angles) in a glossmeter have a great impact on the
specular gloss readings.”**

According to Seve,”* when comparing the measured
specular gloss values of high gloss and low gloss
surfaces, the ratio of the measured values is dependent
not only on the two surfaces, but also on the solid
angles used in the measuring apparatus. Discrimination
between high gloss surfaces is greatly affected by the
receptor solid angle, as the smallest solid angle gives a
better discrimination between samples; although, for
low gloss surfaces, the solid angle of the receptor has
the least influence on such discrimination.

The ASTM D523 standard method specifies the
receptor aperture angles and solid angles of standard
glossmeters. According to this standard, glossmeters
measure specular gloss of a surface relative to specular
gloss of a flat black glass having a refractive index of
1.567 at the wavelength of 589.3 nm of the sodium D
line,” using three different illumination/detection
geometries, namely 20°, 60°, and 85°, depending on
the gloss level of the surface.! The sample is first
measured with a 60° geometry. If the measured gloss
value is higher than 70 (high gloss), then it is
remeasured at the 20° geometry. However, if the gloss
value is less than 10 (low gloss), it is remeasured at the
85° geometry.! The recommended receptor aperture
angles and solid angles of standard glossmeters by the
ASTM D523 standard method are depicted in
Table 1.*

However, it must be noted that the ability of human
observer to discriminate between high specular gloss
values is much greater than the extent of instrumental
discrimination which such solid angles provide.**

Despite the well-known fact that the currently used
models describing gloss are unable to accurately
evaluate gloss in the same way as the human visual
system does, glossmeters are widely employed to
quantify gloss appearance of objects in all related
industries.

After many years of designing and developing
glossmeters and measuring standards, the correlation
between such instrumental measurements and the

Table 1: The ASTM D523 standard method recommen-
dations for receptor aperture angle and solid angle of
standard glossmeters®*

Angle of Receptor aperture Receptor solid
incidence (°) angle (°) angle (sr)

20 1.8 x 3.6 2x10°°
60 4.4 x 11.7 15.7 x 1078
85 4%x6 7x1073

sr steradian
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corresponding visual evaluations is still not well estab-
lished.

Additionally, three different measuring geometries
need to be adopted for measuring the specular gloss of
fully glossy, semi-glossy, and matte surfaces, according
to the ASTM D523 standard method. However, one
may still ask if it is possible to measure the gloss of all
kinds of surfaces at only one single measuring geom-
etry.

In the present study, attempts were made to inves-
tigate possible existing correlations between visually
perceived and instrumentally measured specular gloss.
To simplify the task, a series of achromatic printed
paper samples (i.e., black, white and five in-between
grays) at various levels of specular gloss were prepared
and employed. The specular gloss values of the samples
were instrumentally determined using a glossmeter at
20°, 60°, and 85° measuring geometries. Each sample
was subsequently quantified visually by a panel of
observers, by the aid of a designed visually uniform
color constant lightness scale. Such human-based
evaluations were correlated to instrumentally mea-
sured equivalents to assess the usefulness of such
instrumental measurements.

The quantification of a gloss difference in terms of
a known lightness difference was made only to
minimize the errors in instrumental measurements as
well as the visual assessments. Since such a procedure
involves the canceling out of many errors in such
investigations.

The results of such correlations were also employed
to investigate the possibility of estimating instrumental
gloss differences at the 20° and 85° measuring geome-
tries from a normalized derived formula, based on the
60° gloss measurement/visual assessment relationship.

Experimental
Preparation of Specular Gloss scales

The first step to carry out a comprehensive study
regarding the visual and the instrumental evaluation of
specular gloss was thought to be the preparation of
appropriate samples. White semi-gloss papers having a
60° specular gloss value of around 30 GU were used as
the base substrate throughout this investigation. Addi-
tionally, 6 other lightness levels inclusive of a black and
five in-between grays were also prepared by an offset-
lithography printing technique to constitute 7 lightness
levels.

Color coordinates of each achromatic lightness base
paper (i.e., B, W, G1-G5) for CIE D65 illuminant/1964
standard observer combination are depicted in Ta-
ble 2.

A glossy UV-curable overprint varnish provided by
the Farabanafsh Chemical Co. (Iran) incorporated
with various amounts of a silica-based matting agent
was employed to obtain different levels of specular

Table 2: CIE D65/10° color coordinates of seven
achromatic lightness base paper substrates

Lightness scale sample L* ar b*

B (black) 33.12 1.61 2.73
DG (dark gray) 42.28 0.79 0.14
MDG (medium dark gray) 51.25 0.48 —1.60
MG (medium gray) 63.71 0.13 —2.60
MLG (medium light gray) 75.01 0.05 -3.17
LG (light gray) 86.25 0.11 -3.40
W (white) 93.49 0.09 —3.42

gloss from fully glossy to matte on each of the seven
lightness bases. A 12-um-thick overprint layer was
applied on each of the abovementioned papers using a
K Hand Coater provided by RK PrintCoat Instruments
Ltd. (United Kingdom). The applied overprints were
then cured using a 365-nm wavelength UV energy
source having a power flux of 24 W/cm?. In this way, 7
achromatic Specular Gloss scales each containing 10 or
11 samples ranging from fully glossy to matte, totaling
74 samples, were prepared. The instrumentally mea-
sured specular gloss values of all such samples mea-
sured at 20°, 60°, and 85° geometries are given in
Table 3. The samples in Table 3 are coded based on
their lightness levels and the series number. For
example, MDG3 refers to the third sample in the
medium dark gray Specular Gloss scale.

As can be seen in Table 3, each scale is prepared in
such a way that the samples vary significantly in
specular gloss, ranging from full gloss to fully matte.

Instrumental characterization

Color coordinates (CIE L* a* b*) of the samples were
determined using a GretagMacbeth ColorEye 7000A
spectrophotometer (Xrite, USA). This spectropho-
tometer is equipped with an integrating sphere and
measures color characteristics of surfaces with 8°/d
geometry. All measurements were performed using the
specular component-excluded (SCE) mode. The BYK-
Gardner micro-Tri-gloss glossmeter (Germany) was
employed to measure specular gloss values of the
samples according to the ASTM D523 standard.?® This
glossmeter is equipped with three gloss measuring
geometries, namely 20°, 60°, and 85° for high gloss to
matte surfaces. All samples were measured in tripli-
cates at the three measuring geometries, and only the
average values are reported.

Visual assessments

A designed color constant visually uniform lightness

scale, Proposed and utilized in our previous investiga-
272

tions,”’*® was employed in this work to enhance the
accuracy of the visual assessment experiments. The
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Table 3: Instrumental specular gloss values of black (B) to white (W) achromatic Specular Gloss scale samples for
20°, 60°, and 85° measuring geometries

Specular gloss (G)

Specular Gloss scale black (B)

B1 B2 B3 B4 B5 B6 B7 B8 B9 B10 B11
20° 85.5 53.6 35.2 245 14.9 10.4 7.3 4 25 2.4 0.2
60° 96.6 85.4 75.2 69.6 54.4 46.5 37.6 28.1 23.9 8.4 25
85° 108.8 102 100.4 96.1 96.5 93.7 93.5 91.1 89.3 83.6 60.2
Specular gloss (G) Specular Gloss scale dark gray (DG)
DG1 DG2 DG3 DG4 DG5 DG6 DG7 DG8 DG9 DG10 DG11
20° 81.1 51.5 32.8 20.9 15.2 10 9.7 4.2 2.2 2.2 0.2
60° 97 84.2 72.5 66.3 54.2 46.1 34.6 27.8 16.3 7.6 2.4
85° 108.3 103.8 101.3 95.4 96.7 94.9 87.1 90.3 86.7 82.4 57.8
Specular gloss (G)) Specular Gloss scale medium dark gray (MDG)
MDG1 MDG2 MDG3 MDG4 MDG5 MDG6 MDG7 MDG8 MDG9 MDG10 MDG11
20° 83.4 52.7 321 24.8 21.0 14.3 9.3 5.7 2.6 1.9 0.3
60° 95.7 81.5 731 68.1 62.0 53.6 44.6 33.3 20.0 7.6 2.2
85° 104.6 103.6 100.3 95.2 96.2 94.0 94.7 89.3 84.9 79.2 58.7
Specular gloss (G)) Specular Gloss scale medium gray (MG)
MG1 MG2 MG3 MG4  MG5 MG6 MG7 MG8 MG9 MG10 MG11
20° 84.3 53.6 32.8 23.1 18.7 13.3 8.0 6.4 25 2.0 0.4
60° 92.3 82.0 70.7 65.8 62.7 52.2 411 33.0 18.3 7.9 2.5
85° 107.2 103.1 100.7 92.7 92.0 96.0 92.1 89.9 85.5 80.1 59.9
Specular gloss (G) Specular Gloss scale medium light gray (MLG)
MLG1 MLG2 MLG3 MLG4 MLG5 MLG6 MLG7 MLG8 MLG9 MLG10
20° 82.3 491 32.7 23.7 13.6 8.8 4.7 2.8 1.9 0.6
60° 95.3 80.9 72.5 67.0 52.8 41.9 30.5 20.7 6.9 24
85° 104.9 102.9 100.9 95.8 93.5 90.0 85.5 85.9 79.2 45.2
Specular gloss (Gj) Specular Gloss scale light gray (LG)
LG1 LG2 LG3 LG4 LG5 LG6 LG7 LG8 LG9 LG10
20° 86.4 51.5 324 14.5 8.3 4.9 2.8 2.3 2.2 1.0
60° 93.4 81.3 72.9 541 42.4 31.2 20.7 15.8 7.2 3.3
85° 106.6 101.1 99.2 94.6 87.8 84.6 83.5 79.8 75.6 45.2
Specular gloss (G) Specular Gloss scale white (W)
W1 w2 W3 w4 W5 W6 w7 w8 w9 W10 W11
20° 85.5 51.4 33.7 22.9 16.5 11.8 7.7 4.8 3.4 2.5 1.3
60° 97.8 85.2 75.8 67.8 61.1 50.5 40.2 30.5 22.5 9.2 4.2
85° 105.7 101.7 99.2 95.3 88.7 90.1 89.8 84.5 84.3 72.9 47.4

designed lightness scale is composed of eleven
10 x 20 cm” gray matte polyester fabrics having al-
most the same chromaticities and varying only in

lightness values.
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The 60° specular gloss value of the samples varies
between 0.8 GU for the darkest sample (i.e., standard)
and 2.7 GU for the lightest sample (i.e., sample 11). In

other words, the differences between the darkest
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Fig. 1: Plot of color differences (AEcie1976) as a function of
sample number of the visually uniform lightness scale (LS),
illustrating a non-linear relationship

sample of the lightness scale as standard (i.e., sample 1)
and each of the other samples (i.e., samples 2-11) were
essentially only a lightness difference.

Variations of lightness differences between the
standard and each of the samples in terms of AEc1g1976
with the corresponding visually uniform lightness scale
numbers (LS) are illustrated in Fig. 1.

As illustrated in Fig. 1, the lightness scale numbers
(LS) are non-linearly related to the actual lightness
differences (AEcg1976). The designed visually uniform
lightness scale was employed to visually quantify
specular gloss in terms of a color-difference equation
unit (i.e., AECIE1976)-

A standard was selected visually having the highest
value of specular gloss in each Specular Gloss scale. In
order to carry out, separately the visual assessment
experiments for each individual scale, the observers
had the task of first performing a pairwise comparison
and selecting the sample, in each pair, with the highest
perceived specular gloss in the corresponding scale, in
effect, performing an indirect ordinal ranking, and
second of evaluating the differences between the
selected standard and each sample of each scale in
terms of differences in lightness of the designed
visually uniform lightness scale. Wherever possible,
intermediate values were also given by many obser-
vers.

The type of illumination and viewing geometry as
well as the surround has great influence on visual
perception of geometric appearance attributes such as
specular gloss. Therefore, a series of time-consuming

and cumbersome preliminary experiments were con-
ducted to determine the most appropriate illumination/
observation combination as well as the most suit-
able surround. Two elaborate and sophisticated illu-
mination conditions, one for purely unidirectional
illumination with a black surround and the other for
purely non-directional and completely diffuse illumi-
nation with a white surround were designed and
fabricated. Additionally, a VeriVide CAC 120 light
cabinet providing a combination of unidirectional and
diffuse illumination with a medium gray surround was
also used. The samples and the lightness scale were
positioned on a gray inclined table, the angle of
inclination (i.e., observation) of which could be varied
between 0° and 90°. In this way, provisions were made
for a series of illumination/observation conditions for
visual assessment of the ‘‘differences” in any appear-
ance attribute. Analyzing the error estimation data of
such preliminary experiments statistically illustrated
that for specular gloss, the minimum observation error
in terms of percent standard residual sum of squares
(STRESS) belongs to the unidirectional illumination.*®

Therefore, all visual assessment experiments were
performed under the unidirectional illumination in a
dark room with a black surround, having a luminance
level of around 7000 lux at a distance of 1.5 m and a
correlated color temperature (CCT) of around 5600 K.
A gray painted inclined table was placed in the
compartment right under the light to support the
samples which were viewed under 20°, 60°, and 85°
illumination/observation geometries, at a distance of
50 cm subtending an angle of approximately 10° in the
observer’s eye.

Fourteen observers including five males and nine
females with normal color vision (pre-tested by the
Ishihara test) participated in the visual assessment
experiments. The observers were not allowed to move
their heads freely throughout the experiments in order
to maintain the observation distance and geometry.
Such configurations rendered a rather unrealistic con-
dition for visual assessment of specular gloss. Each
visual assessment session was completed without any
time restrictions. Figure 2 illustrates the setup of
unidirectional illumination compartment for visual
assessment of specular gloss at the 20°, 60°, and 85°
illumination/observation geometries.

In order to evaluate the correlation between differ-
ences in various instrumental parameters and the
corresponding visually assessed differences, four sta-
tistical parameters namely, coefficient of determination
(R*), Gamma (y), coefficient of variation (CV), and
STRESS were used. These four statistical parameters
can be calculated with the aid of equations (2a)-
(2d)*3! for two seemingly equivalent data sets,
namely AFE, (i.e., visually quantified differences) and
Al (i.e., instrumentally measured differences):
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In these equations, n is the number of samples and F is
an adjusting factor ensuring that on average AE, and
Al are equal. Near to 1 values of R* and y and near to
zero values of CV and STRESS indicate close to best
agreement between two sets of data (i.e., close to best
agreement between visually perceived differences and
instrumentally measured differences).

Results and discussion

In order to study the visual perception of specular gloss,
and correlate visual differences in terms of a visually
uniform lightness scale to their corresponding instrumen-
tal measurements, the reported lightness scale values
(LS) were converted to the corresponding lightness
difference (AE) values, which are directly proportional
to the perceived differences in specular gloss.

The inter-observer variability of each observer was
first determined by calculating the STRESS parameter.
An average STRESS value of 23% which is surpris-
ingly low compared to the STRESS values published
by other workers,>>* indicated that there is a good
general agreement between the observers. This good
inter-observer agreement must be attributed to the
innovative visual assessment technique based on the
quantification of geometrical attributes in terms of a
visually uniform lightness scale, which was 2[:éroposed
and utilized in our previous investigations.*”

The results of visual assessment in terms of visual
differences (i.e., AE,) separately for 20°, 60°, and 85°
illumination/observation geometries are depicted in
Table 4. For each sample, the average value of AE,s
obtained by all observers is reported.

Fig. 2: Setup of unidirectional illumination compartment for the 20°, 60°, and 85° geometries
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Table 4: Visual differences in specular gloss of black (B) to white (W) achromatic Specular Gloss scale samples for

20°, 60°, and 85° illumination/observation geometries

Visual specular gloss difference (AE,)

Specular Gloss scale black (B)

B1 B2 B3 B4 B5 B6 B7 B8 B9 B10 B11
20° 0 5.9 8.2 9.8 12.3 13.3 15.7 18.8 24.8 26.4 324
60° 0 4.1 6.1 8.2 7.4 9.9 10.4 13.1 16.7 20.4 29.6
85° 0 26 42 48 6.1 6.7 7.7 8.0 99 129 223
Visual specular gloss difference (AE,) Specular Gloss scale dark gray (DG)

DG1 DG2 DG3 DG4 DG5 DGé6 DG7 DG8 DG9 DG10 DG11
20° 0 5.8 7.0 9.4 10.9 126 149 179 248 25.4 31.2
60° 0 4.2 5.0 6.9 8.1 7.5 94 129 159 19.5 28.5
85° 0 2.9 4.2 4.2 5.9 8.1 8.7 91 114 13.0 20.0

Visual specular gloss difference (AE,)

Specular Gloss scale medium dark gray (MDG)

MDG1 MDG2 MDG3 MDG4 MDG5 MDG6 MDG7 MDG8 MDG9

MDG10 MDG11

20° 0 6.3 8.7 9.9 10.5 11.7 145 181 23.6 24.6 32.9
60° 0 5.4 6.9 8.1 8.1 8.1 94 129 15.0 18.9 29.3
85° 0 2.9 4.2 5.6 6.6 6.8 6.9 8.1 121 16.2 22.3
Visual specular gloss difference (AE,) Specular Gloss scale medium gray (MG)

MG1 MG2 MG3 MG4 MG5 MG6 MG7 MG8 MG9 MG10 MG11
20° 0 6.5 7.9 9.8 127 119 148 16.3 239 26.2 29.9
60° 0 3.5 5.9 5.9 8.1 8.1 94 11.0 15.0 20.3 27.1
85° 0 3.0 5.2 7.0 8.7 94 106 129 13.0 15.0 20.3
Visual specular gloss difference (AE,) Specular Gloss scale medium light gray (MLG)

MLG1 MLG2 MLG3 MLG4 MLG5 MLG6 MLG7 MLG8 MLG9 MLG10
20° 0 6.9 9.7 9.9 14.0 13.9 20.3 19.8 28.8 32.2
60° 0 5.0 8.1 8.1 9.4 10.2 15.0 16.9 24.3 28.8
85° 0 4.0 5.9 6.1 7.9 9.8 13.7 179 219 25.3
Visual specular gloss difference (AE,) Specular Gloss scale light gray (LG)

LG1 LG2 LG3 LG4 LG5 LG6 LG7 LG8 LG9 LG10

20° 0 6.6 10.4 12.1 15.4 17.3 20.3 28.3 30.6 32.1
60° 0 3.5 59 104 130 139 180 215 283 30.5
85° 0 4.2 5.0 6.4 94 110 160 189 215 26.3
Visual specular gloss difference (AE,) Specular Gloss scale white (W)

W1 w2 W3 w4 W5 W6 w7 w8 W9 W10 W11
20° 0 7.6 11.0 136 173 179 209 289 304 307 32.7
60° 0 5.8 86 107 132 134 150 196 182 319 326
85° 0 2.9 4.4 6.4 104 107 121 147 161 228 275

Visual perception of specular gloss

Specular gloss is considered to occur as a result of
directionally selective reflection of the incident light
from the surface with a preference in the specular
direction."”

Therefore, the type and intensity of illumination and
geometry of illumination and observation are expected
to have a great effect on the perceived gloss.

In order to put this premise to test, the variations of
visual gloss differences (i.e., AE,) of the samples
against their corresponding gloss rank numbers, sepa-

245



J. Coat. Technol. Res., 13 (2) 239-256, 2016

(a) (b)
35 35
mB ®B
_20° geometry Q _60° geometry [ J
30 ® ‘ L ~ 30 *
s ® *DG ll<-l1> . L xpaG
< 2
3 50 x 4 o 25 |
g =-MDG 2 P =MDG
S 20 | L S 20 | 4 ¥
(] y—
E Y ’ * = L J o
5 Z -MG © 4 -MG
o 15 | ¢ 2 ® 15 | °
17} Y & @ ¢
2 e = 2 MLG > ¢ - MLG
210} ® , % = 10 | [ n g~
o] ™ S ® -
7 g % 2 R ¥ X
2 5| w2 g e gl
L
0w L L L ) L ) ) L ) ow 0w L ) L L L L L ) L oW
1 2 3 4 5 6 7 8 9 10 11 1 2 3 4 5 6 7 8 9 10 11
Gloss rank number Gloss rank number
(c) 30
I
—_— 25 -
'.u>
3 ° % *x DG
Py L 4
g 2071 . T -wmpe
(J
Q
= L 2 e -
5 15 ¢ () - - MG
? e T~ ¥ "
o 6 -
> 10 | t b ] MLG
® X ﬁ ﬁ
2 S x ® .o
5 51 o BN
]
ow L L L N L L . N N ow
1 2 3 4 5 6 7 8 9 10 11

Gloss rank number

Fig. 3: Scatter diagrams of visual specular gloss differences (AE,) vs the corresponding gloss rank numbers of black (B) to
white (W) achromatic Specular Gloss scales for (a) 20°, (b) 60°, and (c) 85° visual assessment geometries

rately for seven achromatic Specular Gloss scales,
namely black (B) to white (W) and for 20°, 60°, and 85°
geometries, were investigated. Figure 3 illustrates such
scatter plots.

As illustrated in Fig. 3, for the three visual assess-
ment geometries, the visual specular gloss differences
reported by the observers for light achromatic scales
(i.e., MLG, LG, and W) are higher than the respective
visual differences for dark ones (i.e., B, DG, and
MDG). In other words, it seems that the loss of gloss
perceived by the observers for light achromatic levels is
greater than the corresponding perceived gloss loss of
dark achromatic levels irrespective of the illumination/
observation geometry.

This disagreement in visual perception of specular
gloss differences of dark and light samples could have
arisen from the remarkable diffuse reflection of light
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achromatic levels which interferes with the specular
reflection and adversely affects the specular gloss
perception. Such contradiction is even more obvious
for semi-glossy and matte samples (i.e., higher per-
ceived loss of gloss of light samples as compared to
dark ones). For light samples with high levels of
specular gloss, the contribution of the specular reflec-
tion is high enough to be least influenced by the diffuse
reflection.

A brief look at Fig. 3 also indicates that the
perceived specular gloss is affected by the visual
assessment geometry and, in other words, the angle
of illumination and observation. In order to investigate
this effect, the variations of 20°, 60°, and 85° visual
gloss differences (i.e., AE) of only black (B) and white
(W) achromatic Specular Gloss scale samples against
their corresponding gloss rank numbers are depicted in
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Fig. 4. Since the results obtained from the other five
achromatic scales (i.e., DG-LG) are similar to the
results of black (B) and white (W) Specular Gloss
scales, the respective scatter plots are only presented in
Fig. Al.

Comparing the visual specular gloss differences of
the three visual assessment geometries illustrates that
for both achromatic levels, the visually perceived gloss
difference decreases with increased angle of observa-
tion. In this way for a given sample, the largest and the
smallest visual gloss differences always belong to the
20° and the 85° geometries, respectively. In other
words, at larger angles of illumination and observation,
the higher the levels of specular gloss, the lower the
loss of gloss is perceived by the observers. However,
such result seems to be predictable as according to the
Fresnel’s equations of reflection, specular reflection
increases with increased angles of illumination.*

Besides the angle of illumination and observation,
the gloss level of the sample (fully glossy, semi-glossy
or matte) is another factor affecting the perceived
specular gloss. Variation of visual gloss differences at
60° geometry for the medium gray (MG) Specular
Gloss scale samples against the corresponding gloss
rank numbers is exclusively depicted in Fig. 5.

As can be seen in Fig. 5, the gloss loss of fully glossy
(i.e., gloss rank numbers of 1-3) and matte (i.e., gloss
rank numbers of 8-11) samples is more obvious to the
observers. In other words, it seems that the observers
are more sensitive to gloss changes of fully glossy and
matte samples as compared to semi-glossy ones.
Similar results can be obtained for the other two visual
assessment geometries, namely 20° and 85°. However,
for 85° geometry, the extent of observer’s sensitivity

30

o5 | "MG" gloss scale

Visual gloss difference (AE))

0 1 1 L L L 1 1 1 1
1 2 3 4 5 6 7 8 9 10 11
Gloss rank number

Fig. 5: Variation of the 60° visually perceived specular
gloss differences (AE,) vs the corresponding gloss rank
numbers for the medium gray (MG) Specular Gloss scale

seems to be less than those for 20° and 60° geometries
(i.e., lower slopes of the fitted lines).

Correlation between visual results and
instrumental measurements

Figure 6 illustrates the scatter plots of instrumentally
measured specular gloss values (G;) of the samples of
black (B) and white (W) Specular Gloss scales at 20°,
60°, and 85° geometries against their corresponding
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gloss rank numbers (See Fig. A2 for the DG to LG
Specular Gloss scales).

As expected, for each sample, the highest and lowest
values of instrumental specular gloss always belong to
the 85° and the 20° measuring geometries, respectively.

By dividing the entire specular gloss range into three
distinct ranges of fully glossy (70-100 GU at 60°),
semi-glossy (20-70 GU at 60°), and matte (0-20 GU at
60°) subdivisions, it is quite obvious that for both
achromatic gloss scales, the largest instrumental gloss
differences of fully glossy samples (i.e., samples 1-4)
are related to the 20° measuring geometry, while for
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semi-glossy and matte samples, this geometry results in
smaller specular gloss values with fewer differences.
On the other hand, the largest differences in specular
gloss for matte samples (i.e., the three last samples)
have been obtained by the 85° measuring geometry.

However, as can be seen in Fig. 6, the 60° geometry
is capable of providing instrumental specular gloss data
having proper relevant variations in the entire range of
gloss (i.e., fully glossy to matte).

Since the observers were asked to report visual
differences (i.e., AE,) between each sample and a
standard in each individual specular gloss scale, the
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Table 5: Instrumentally measured (AG;) and the corresponding predicted (A Gpredictea) SPeCUlar gloss differences for
20° and 85° geometries for black (B) and white (W) achromatic Specular Gloss scales

AEv,20 AGi,20 AG’predicted,ZO AEv,85 AGi,85 AGpredicted,85
Specular Gloss scale B (AGpredictead = 4.58 AE,)
B1 0 0 0 0 0 0
B2 5.9 31.9 27.2 2.6 11.9 3.8
B3 8.1 50.3 37.4 4.2 19.3 5.4
B4 9.8 61 45.1 4.8 21.9 9.7
B5 12.3 70.6 56.4 6.1 28.0 9.3
B6 13.3 75.1 60.8 6.7 30.8 12.1
B7 15.7 78.2 71.8 7.7 35.1 12.3
B8 18.8 81.5 - 8 36.7 14.7
B9 24.8 83 - 9.9 45.2 16.6
B10 26.4 83.1 - 12.9 59.3 22.3
Specular Gloss scale W (AGpredicted = 3.19 AE,)

Wi1 0 0 0 0 0 0
w2 7.6 34.1 24.2 2.9 9.4 4
W3 10.9 51.8 35.0 4.4 141 6.5
w4 13.6 62.6 43.4 6.4 20.5 104
W5 17.3 69.0 55.1 10.4 33.1 17.0
W6 17.9 73.7 57.2 10.7 34.1 15.6
w7 20.9 77.8 66.8 12.1 38.6 15.9
w8 28.8 80.8 - 14.7 46.9 21.3
W9 30.4 82.1 - 16.1 51.3 21.4
W10 30.7 83.0 - 22.7 72.7 32.8

corresponding instrumental differences (i.e., AG;) were
also calculated.

In an attempt to find a linear relation between visual
and instrumental differences of specular gloss, it was
found that for all achromatic levels, linear correlations
exist between quantified visual differences and the
corresponding calculated instrumental differences at
60° and 85° geometries, while for 20° geometry such
linear correlations only exist for fully and semi-glossy
samples. Figure 7 depicts such linear relations, as well
as the corresponding error estimation data in terms of
four statistical parameters, namely R?, y, CV, and
STRESS values given on the right hand side of each
plot (See Fig. A3 for DG to LG Specular Gloss scales).

Although there are high linear correlations between
visual and the corresponding instrumental differences
for both 60° and 85° measuring geometries, the
instrumental specular gloss differences at the 85°
geometry are rather small as compared to visual
assessments (small slopes of the fitted lines). In other
words, while the observers are able to perceive
specular gloss differences, the 85° geometry cannot
provide gloss differences in the same way as the visual
system does. On the other hand, the 60° measuring
geometry gives distinguishable instrumental specular
gloss values more correlated to the visual equivalents
in the entire range of gloss (i.e., fully glossy to matte).
However, the 20° geometry only gives linear correla-
tions with the visual assessments for fully and semi-
glossy subdivisions.

The obtained results show that measuring the
specular gloss of achromatic fully glossy, semi-glossy,
and matte surfaces using the 60° geometry results in
gloss values having high correlations with visual
assessments of specular gloss. Therefore, this automat-
ically gives rise to the presumption that despite the
recommendations of the ASTM standard for measur-
ing the specular gloss using three different geometries,
namely 20°, 60°, and 85°, the 60° geometry is appro-
priately capable of quantifying the specular gloss of not
only semi-glossy but also fully glossy and matte
surfaces in the same way as the human visual system
perceives. In order to put such a presumption to the
test, the possibility of predicting 20° and 85° instru-
mentally measured specular gloss using the 60° geom-
etry was investigated in this work.

The linear relationships between the 60° measured
specular gloss differences (AGgo) and the correspond-
ing visual differences (AEg) were employed, sepa-
rately for each achromatic level, to predict the 20° and
the 85° instrumental specular gloss values using the
respective quantified visual differences (i.e., AE, 5o and
AE, gs, respectively). The predicted differences (i.e.,

Gpredicted 20 aNd AGpredicied,ss) and the corresponding
actual differences (i.e., AGj, and AG;j gs) for black (B)
and white (W) achromatic Specular Gloss scales are
depicted in Table 5 (See Table Al for DG to LG
Specular Gloss scales).

Correlation between the predicted specular gloss
differences (AGypyredictea) against the corresponding
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actual measured values (AG;) for the 20° and the 85°
geometries for all achromatic levels are presented in
Fig. 8. In order to determine the correlation between
the predicted and the actual values, the R? parameters
are also given on the right hand side of each plot,
separately for each Specular Gloss scale.

High linear correlations between the predicted and
the actual specular gloss differences for both geome-
tries (i.e., R* > 0.9) indicate that at all achromatic
levels, the 60° measuring geometry is appropriately
capable of giving valid estimations for both 20° and 85°
specular gloss measurements. Although such an esti-
mation for the 20° specular gloss is only valid for fully
and semi-glossy samples, the specular gloss of matte
surfaces known as sheen, not specular gloss, is techni-
cally measured using the 85°, not the 20° geometry.
Furthermore, as discussed previously, there is not a
correlation between the visually quantified specular
gloss of the matte samples at the 20° illumination/
observation geometry and the corresponding instru-
mentally measured differences.

These results reveal that the 60° specular gloss is an
appropriate measure for quantifying the specular gloss
over the entire range of gloss, namely fully glossy,
semi-glossy, and matte, at various achromatic levels in
the same way that human visual system perceives gloss.
Moreover, this measure can suitably be used to predict
the specular gloss at the two other measuring geome-
tries, namely 20° and 85°, which have been technically
recommended for fully glossy and matte surfaces,
respectively.

In order to obtain a total linear relationship to
estimate specular gloss for a combination of all
achromatic levels, the correlation between the 60°
measured specular gloss differences and the corre-
sponding visual differences were determined for the
combination of all achromatic levels.
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Such linear correlations together with the corre-
sponding linear fitted model and the R* parameter are
depicted in Fig. 9.

Correlation analysis in Fig. 9 indicates that the
instrumentally measured specular gloss differences at
the 60° geometry are linearly correlated to the corre-
sponding visual differences for a combination of all
achromatic levels (R = 0.89).

Such linear relationship was employed as the foun-
dation for deriving prediction equations, separately
for fully glossy subdivision at the 20° and matte
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subdivision at the 85° measuring geometry, based on
the corresponding visually quantified differences (i.e.,
AE, » and AE, gs, respectively).

Equation (3) was used as a general model to derive
prediction equations for specular gloss of fully glossy
samples at the 20° measuring geometry and matte
samples at the 85° geometry, using the respective visual
differences (AEy):
Gpredicted = Gst —k-AE, (3)
where Gpregictea 18 the predicted specular gloss value
and Gy, is the specular gloss value of a standard sample
having the highest instrumental specular gloss. Gg
values for the 20° geometry and the 85° geometry were
86.4 and 108.3 GU, respectively.

Analyzing the correlations between the predicted
specular gloss differences (Gpredictea) and the corre-
sponding actual measured differences (G;) for the 20°
and the 85° geometries, for a combination of all
achromatic levels, resulted in the best linear fit when
the coefficient k is 5.5 for the 20° geometry and 1.5 for
the 85° geometry.

Figure 10 illustrates the scatter diagram of the
predicted specular gloss values (Gpredictea) against the
corresponding actual measured values (G;j) for the 20°
and the 85° geometries for a combination of all
achromatic levels.

Such high linear correlations indicate that the 60°
specular gloss measure is capable of giving highly
accurate predictions of the other two gloss measures,
irrespective of the achromatic level. Moreover, the
instrumentally measured specular gloss values at the
60° geometry have high correlations with the corre-
sponding visually quantified gloss for the entire range

of gloss (i.e., fully glossy, semi-glossy and matte). In
other words, the 60° measuring geometry seems to be
adequate in order to measure the specular gloss value
of surfaces having various levels of gloss and lightness.

Conclusions

Seven achromatic specular gloss scales as well as a
color constant visually uniform lightness scale were
prepared.

Each individual specular gloss scale was quantified
visually by a panel of observers, with the aid of the
common lightness scale under a unidirectional illumi-
nation at 20°, 60°, and 85° illumination/observation
geometries. Each sample was also measured by a
glossmeter, according to the ASTM standard, at the
three mentioned measuring geometries.

Differences in quantified visual specular gloss were
correlated to the corresponding differences in instru-
mentally measured parameters. The results show very
good general agreements between observers in quan-
tifying specular gloss which can be attributed to the
visual assessment technique utilizing a common light-
ness scale. Furthermore, it was found that the visual
perception of specular gloss is influenced by the
lightness level and the gloss level of the sample, as
well as the assessment geometry. Linear correlations
were found between visual differences in specular gloss
and the corresponding instrumental differences for the
60° and 85° geometries. Additionally, the results reveal
that the 60° measuring geometry is efficiently capable
of quantifying specular gloss at various gloss levels in
the same manner as the human observer perceives. The
unequivocal predictability of the 20° and 85° instru-
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mental specular gloss measured by the derived linear
relationship based on the 60° instrumentally measured
specular gloss was also revealed.
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Appendix

See Figs. A1, A2, A3 and Table Al.
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Table A1: Instrumentally measured (AG;) and the corresponding predicted (AGpredictea) SPeCuUlar gloss differences
for 20° and 85° geometries for DG, MDG, MG, MLG, and LG Specular Gloss scales

AEv,20 AGi,20 AG’predicted,zo AEV,SS AGi,85 AGpredicted,85
Specular Gloss scale DG (AGpredictea = 5.11 AE,)
DGH1 0 0 0 0 0 0
DG2 5.8 29.53 29.77 2.9 4.50 14.61
DG3 7.0 48.23 35.68 4.2 7.00 21.60
DG4 9.4 60.17 48.00 4.2 12.83 21.96
DG5 10.9 65.83 55.79 5.9 11.60 30.06
DG6 12.6 71.10 64.18 8.1 13.33 41.25
DG7 14.9 71.33 76.01 8.7 21.13 44.31
DG8 17.9 76.87 - 9.1 18.00 46.35
DG9 24.8 78.90 - 11.4 21.53 58.47
DG10 25.4 78.87 - 13.0 25.87 66.63
Specular Gloss scale MDG (AGpregicted = 4.64 AE,)
MDG1 0 0 0 0 0 0
MDG2 6.3 24.7 29.41 2.9 1.0 13.28
MDG3 8.7 45.3 40.31 4.2 4.3 19.64
MDG4 9.9 52.6 45.87 5.6 9.4 25.95
MDG5 10.5 56.4 49.00 6.6 8.4 30.84
MDG6 11.7 63.1 54.23 6.8 10.6 31.46
MDG7 14.5 68.1 67.27 6.9 9.9 32.04
MDG8 18.1 7.7 - 8.1 15.3 37.51
MDG9 23.6 74.8 - 12.1 19.7 56.09
MDG10 24.6 75.5 - 16.2 25.4 75.37
Specular Gloss scale MG (AGpredicted = 4.56 AE,)
MGH1 0 0 0 0 0 0
MG2 6.5 30.7 29.78 3.0 41 13.72
MG3 7.9 51.5 35.90 5.2 6.5 23.67
MG4 9.8 61.2 44.67 7.0 14.5 31.89
MG5 12.7 65.6 57.86 8.7 15.2 39.60
MG6 11.9 71.0 54.21 9.4 11.2 43.12
MG7 14.8 76.3 67.52 10.6 15.1 48.59
MG8 16.3 77.9 - 12.9 17.3 59.06
MG9 23.9 81.8 - 13.0 21.7 59.52
MG10 26.2 82.3 - 15.0 271 68.65
Specular Gloss scale MLG (AGpredicted = 4.00 AE,)
MLGH1 0 0 0 0 0 0
MLG2 6.9 33.2 27.54 4.0 2.0 16.05
MLG3 9.7 49.6 38.76 5.9 4.0 23.58
MLG4 9.9 58.6 39.84 6.1 9.1 24.38
MLG5 14.0 68.7 56.07 7.9 11.4 31.64
MLG6 13.9 73.5 55.62 9.8 14.9 39.16
MLG7 20.3 77.6 81.27 13.7 19.4 55.02
MLG8 19.8 79.5 79.44 17.9 19.0 71.85
MLG9 28.8 80.4 - 21.9 25.7 87.85
Specular Gloss scale LG (AGpredicted = 3.57 AE,)
LG1 0 0 0 0 0 0
LG2 6.6 34.9 23.42 4.2 5.5 15.09
LG3 10.4 54.0 37.27 5.0 7.4 17.86
LG4 12.1 71.9 43.20 6.4 12.0 22.74
LG5 15.4 78.1 55.03 9.4 18.8 33.71
LG6 17.3 81.5 61.75 11.0 22.0 39.41
LG7 20.3 83.6 72.57 16.0 23.1 57.25
LG8 28.3 84.1 - 18.9 26.8 76.26
LG9 30.6 84.2 - 21.5 31.0 86.57
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