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Two-Parameter Gloss Methods

I. Nimeroff

The concept of a parameter of glossiness, that is, measurement under one set of illumi-
nating and viewing conditions, is developed. To describe completely the glossiness of a
specimen requires multiparametric measurements on the geometric distribution of reflected
light-flux.  As one-parameter methods have been found to yield inadequate descriptions of
specimen glossiness, two-parameter methods were investigated. For specimens with
differing incidence-angle dependency, a two-parameter method using specular gloss measure-
ments at two incidence angles is suggested. For specimens with differing flux-scattering
characteristics, a two-parameter method using specular gloss measurements for two receptor
apertures is suggested. Several existing standard two-parameter methods are reviewed.
Results of a seven-laboratory round-robin test of the two-parameter (receptor aperture)
method are reported and analyzed. To establish correlation between measurements ob-
tained with the suggested two-parameter (receptor aperture) method and subjective evalu-

Research Paper 2744

ation of image brightness and image distinetness, a subjective test was formulated.

The

results of this test, here analyzed and discussed, indicate the usefulness of the two-parameter

method.

1. Introduction

For many years American Society for Testing
Materials committee deliberations on glossimetry
definitions have been concerned with use of terms
like “aspects,” “criteria,” “modes,” and “types’ of
gloss in describing instrumental measurement tech-

niques found to correlate with some glossiness
characteristics.  Glossiness, or glossy appearance,
is a function of how an observer evaluates the

ceometrie distribution of flux reflected by a specimen.
To evaluate completely this appearance character-
istic, called glossiness, observations under many
conditions of illumination and view are required.
A measurement under each illuminating and viewing
condition may be called a parameter of glossiness.
Techniques involved in methods for evaluating
of specimens have ranged from one-parameter to
multiparameter observations. The multiparameter
technique 1s complex, time consuming, and too
costly to perform for every specimen. While a
one-parameter technique can yield data simply,
rapidly, and inexpensively, it is an oversimplified
solution to the problem of instrumental evaluation
of gloss characteristics.  One-parameter data often
lead to erroneous conclusions about the comparative
appearance of specimens. To decrease the number
of erroneous conclusions without materially in-
imcreasing the complexity, time, and cost of the
measurement, a compromise between a one-param-
eter and a multiparameter technique is required.

2. Multiparameter Technique

2.1. Multiplane Goniophotometry

Multiparametric observations can be taken on
either multiplane or monoplane instruments, called
goniophotometers. A multiplane goniophotometer
would have many geometric variables at its disposal.
Such an instrument was designed and constructed by
MecNicholas [1].) Figure 1 shows the geometric
variables: 6, the angle between the axis of the incident

! Figures in brackets indicate the literature references at the end of this paper.
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beam and the perpendicular to the specimen plane;
¢, the azimuth angle (the angle between a reference
line in the plane of the specimen and the projection of
the incident axis on that plane); w, the solid angular
subtense, or aperture, of the incident beam; 6", ¢’,
and o, the corresponding geometric variables of the
reflected beam.

If the goniophotometric readings for a specimen
under each set of illuminating and viewing conditions
(parameters) are represented by G, where 7 refers
to the incident beam, and » refers to the reflected
beam, the complete gloss deseription of the specimen,

(I, would be a function of these parameters. This
may be symbolically stated:
(’VQT [’( ('vi,r)q (l )

where 7 1s dependent on 8, ¢, and o, and 7 is dependent
ond’, ¢', and w’. This dependence may be stated:

1=f (0,¢,w) }
=g (0',¢",0").

An analysis of goniophotometrie data can be con-
sidered as a solution of eq (1) for the functional
description, F'(G;,). Thaler [2] published a rather
complete set of parametric measurements for a
series of MgO specimens, using constant o and o,
but did not develop a functional deseription of the
appearance of the material.

(la)

8¢ w'

Ficure 1. Geometric variables of a multiplane goniophotometer
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2.2. Monoplane Goniophotometry

A monoplane instrument has one less variable at
its disposal than a multiplane instrument. The
variables of a monoplane goniophotometer are those
of figure 1, except that ¢'=¢. The variables are 6
and w for the incident beam, 6" and o’ for the reflected
beam. If rectangular source and receptor are sub-
stituted for the circular ones, the angular sizes w and
w” become af and «’B’, respectively. Goniophotom-
eters of this type have been designed and con-
structed by Wetlaufer and Scott [3], Moon and
Laurence [4], Hammond and Nimeroff [5], and
Middleton and Mungall [6].

For this type of instrument, the gloss description
of the specimen, @, could be symbolically represented
by:

G=F(G.,),

where 7 is dependent on 6, «, and 3, and 7 is dependent
on 0, o', and B’. This dependence is stated:

1=[16,(eB)]
=g[b’,(a’B")].

Analyses of goniophotometric data obtained on
this type of instrument have been made. Barkas
[7] suggested a method for theoretically separating
the spoculm and diffuse reflection components of a
specimen by finding an equivalent theoretical sur-
face that will have the same goniophotometric
reflectance as the specimen. Middleton and Mun-
gall [6] suggested a similar analysis for goniophoto-
metric data. These analyses were confined to
fairly matte surfaces, such as beaverboard and snow.

ASTM Method, D636-54 [8] recommends use of a
Dows-Baamgs wtner reflectometer [9] and analysis of
its goniophotometric data in terms of reflective
diffusion indexes:

*90° 3\
|,
_J3°
])rrlﬁ ()II (;o) '
90 (3)
]f(0 )b’

5/.’(15 y

(2a)

D=

where R(6") is the reflectance at viewing angle, 6’
The specimen is illuminated perpendicularly, 8=0°.

Analysis of goniophotometric data for specimens
ranging in gloss from matte to highly specular was
made by Nimeroff [10]. The goniophotometric
data were analyzed in terms of indexes of dispersion,
skewness, and kurtosis (peakedness index), related

to the second, third, and fourth moments, re-
spectively.
3. One-Parameter Technique
3.1. Specular Glossmeters
One-parameter instruments that have been devel-

oped recently have been monoplanar with fixed
source and receptor apertures and fixed incidence

Symbolic represen-
-parameter

and specular reflecting angles.
tation for the geometry of such a one

instrument is
1=[18,(eB)]
=g[—90,(a’8")].

Specular glossmeters have been do\vlop(‘(l for at
least five different incidences angles, 20°, 45°, 60°,
75°, and 85°, and are described in ASTM, I’PI and
TAPPI gloss methods. These methods have proven
satisfactory except for occasional confusion resalting
from inadequacy of a one-parameter technique.

(4)

3.2. Inadequacies of the One-Parameter Technique

Specular reflectance of a specimen depends on the
angle at which light flux is incident on the specimen.
For some specimens the rate of increase of specular
reflectance with increasing incidence angles exceeds
the rate for other specimens. Thus two specimens
can have the same gloss when illuminated at one
incidence angle and have much different gloss when
illuminated at another incidence angle. A one-
parameter technique, specular reflectance measure-

ment at one set of geometric conditions, will not
reveal this incidence-angle dependency of the ap-

pearance of these specimens.

More frequently than in the above instance, inad-
equacy of a one-parameter technique is demonstrated
when one specimen has a more peaked distribution
of reflected flux than the other. Even though two
such specimens may differ markedly in appearance,
the flux reflected from one specimen and accepted
by the receptor may equal the accepted flux re-
flected from the other specimen. The instrument,
therefore, will indicate that both specimens have
the same <)]0ss in spite of their difference in appear-
ance.

4. Two-Parameter Techniques

A two-parameter monoplane technique would pro-
vide for two variations of geometry. ASTM Method
of Test for Mar Rosmtdnco of Plastics [11], Designa-
tion D673-44T, requires a two-parameter instr um(-nt
that measures flux reflected on the specular angle,
45°, and at an angle displaced 15° from the specular

angle, namely, 30°. The geometry of that instru-
mvnt can be represented as
1=[[45°, (apB)]

—g[45°,30° (o’ 8")]. )

The data obtained by this method are analyzed in
terms of percentage of gloss thus: Gloss, percent—=
100[1— (G5, 5/G5.45)], where G is the instrument
reading for the geometry indicated by the subscripts.

Middleton and Mungall [12] described a distinet-
ness-of-image glossmeter designed to use the maxi-
mum slope of the goniophotometire curve as the gloss
index of a specimen. This instrument measures
flux reflected from a specimen at the specular angle,
45° and at an angle displaced Af from the specular
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angle. The geometry of that instrument can be
represented as

1=[[45°,(aB)],
r=g[45°,454+A0,(a’B")].

(6)

The instrament analyzes the data thus obtained in
terms of a gloss index. Gloss index=(Gy; 45—
(145 45100) /A0, where @ is the instrument reading for
the geometry indicated by the subscripts.

For two-parameter glossmeters of the specular
type the two variations of geometry would be varia-
tion of the specular angle or variation of the size of
the receptor aperture. The symbolic representation
for the geometry of a two-parameter instrument
designed for measurements at two specular angles
might be written

[:'/'[01,02,((1(5)],

/':'(/{91,03,(0,!3/)].

(7)

The geometry for such an instrument is shown in
figure 2. The symbolic representation for the geom-
etry of a two-parameter instrument designed for
measurements with two receptor apertures might be

1=1[0,(c.By), ()],
r=g(0,(c1B1),(;3)].

(8)

The geometry for such an instrament is shown in
ficure 3.

Ficaure 2. Geometry of an

glossmeter.

6,(a) B))
8,(aB)

Figm = 3.
glossmeter.

incidence angle two-parameter

Geometry of a receiver aperture two-parameter

4.1. Specular Angle

To illustrate how a two-parameter instrument
might be used to resolve problems where specular-
angle dependence is important, two low-gloss speci-
mens were selected. These specimens appear to
have nearly equal gloss when viewed at angles ranging
from perpendicular to about 65°. At angles greater
than 65° one specimen appears considerably glossier
than the other. Figure 4 shows plots of fractional
reflectance, the ratio of flux reflected within a 0.6°
cone to the incident flux, as a function of angle, d,
between the viewing direction and that of mirror
reflection as measured on a monoplane goniophotom-
eter. The specimens are designated A and B. At
60° incidence both curves are flat (reflected flux is
uniformly distributed) with A having a slightly higher
fractional reflectance. At 80° incidence the curve
for A remains reasonably flat, whereas that for B
becomes quite peaked, having a peakedness index of
182 compared with 1.9 for A.  Peakedness index for
a unimodal curve was shown by Nimeroff [10] to be
an index of the relative peak to shoulder heights.

A goniophotometer, arranged for the 60° geometry
of ASTM Method D523-53T, [13] was used to meas-
ure the specular gloss of specimens A and B for 60°

T T T T T T T
10 -
= -
o
o]
o]
»
w
JH .
80°
_____________ AN
60°
.o i
B
.00 L—L l ! L 1 ! L
6 4 2 0 -2 -4 -6
d, degrees

Frcure 4. Fractional reflectance curves for two specimens ex-
hibiting incidence-angle dependency at incidence angles of 60°
and 80°.
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and 80° incidence. At 60° incidence, the gloss reading T T 1 T —
for A is 6 and for B is 4, whereas at 80° incidence the
gloss reading for A is 24 and for B is 109. These
readings show the much stronger incidence-angle
dependence for B than for A. This dependence is
not suggested in a measurement of specular eloss
at 60° incidence alone. 10.

The solution to problems involving incidence-angle
dependence is obvious. Measure the specular gloss
at two incidence angles and relate the resulting data.
The slope of the line joining plotted points of the
gloss readings for a specimen obtained with two
incidence angles may be used as an index of the
dependence of gloss on incidence angle.

F x 1000
T

4.2. Receptor Aperture

Appearance characteristics ascribable to gloss may
be classified into three distinet types, either in
accord with appearance or in accord with flux-
scattering properties. Appearance wise, the two
extreme types are image-forming and nonimage s
forming; the third type exhibits intermediate charac-
teristics.  Goniophotometric distributions for speci-
mens of the image-forming tvpe are shown in figure 5.
These curves are characterized by sharp peaks near

the specular angle, with scattermg at wide angles )

from the specular. As a considerable amount of 6

scattered flux is found at wide angles, these speci- d, degrees

mens may be called “wide-angle scatterers.” Gonio- | prourg 6. Fractional reflectance  curves for narrow-angle

photometric distributions for specimens of the non- scalterers.
image-forming type are shown in figure 6. These

T T T T T T T : T ! ! '
2
10. | 4 10. |- .
(o]
o
o o
o o
= | N = .
x E3
w w
JH- = Nl = -
| | | | | | i . L I 1 I
6 4 2 [0} -2 -4 -6 6 4 2 (o} =p -4 -6
d, degrees d , degrees
Fraure 5.—Fractional reflectance curves for wide-angle scat- | F1GURE T.—Fractional reflectance curves for intermediate-angle
terers. scatterers.
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Ficure 8.
glossmeler readings, G, showing separation into three groups.

curves are are characterized by broad peaks with
very little wide-angle scattering. As the scattering
is confined to angles near the specular angle, these
specimens may be called “narrow-angle scatterers,”
or “near-specular scatterers.” Goniophotometric
distributions for specimens of the intermediate type
are shown in figure 7. These curves are charac-
terized by peaks broader than those for the wide-
angle scatterers but narrower than those for the
narrow-angle scatterers. Such specimens might be
called “intermediate-angle scatterers.”

Nimeroff [10] showed that two parameters are
required to reveal instrumentally the two extreme
tvpes of specimen appearance due to scattering.
Figure 8 shows separation of the three types using
the ASTM 60° specular gloss readings [7] and the
peakedness indexes, a4, obtained from analysis of
goniophotometric curves of the specimens, some of
which are shown in figures 5, 6, and 7.

5. Gloss of Transparent Finishes

Recently a problem arose in correlating the meas-
ured gloss with the observed appearance of trans-
parent finishes applied to wood substrates. Diffi-
culty was encountered in the measurement of the
gloss of these finishes in that one-parameter tech-
niques failed to yield data consistent with visual
evaluation of the glossy appearance. In seeking a
technique that would correlate with visual evalua-
tions, 26 specimen panels were prepared by the
Sherwin-Williams Co. and the Grand Rapids Varnish
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Plot of peakedness index, ay. against 60° specular

Co. Goniophotometric curves of representative
panels are shown in figures 5, 6, and 7. :

As stated above, a two-parameter technique was
idicated as a possible solution to this problem.
The slope of the monoplanar geometric distribution
might be a useful representation of the gloss. An
idication of the slope can be obtained from the
atio of a reading at the peak to a reading at the
shoulder of a goniophotometric curve. The large
receptor aperture used with the 60° geometry of
ASTM Method D523 provides a measure of the sum
of the peak and shoulders of the reflected flux dis-
tribution. A receptor aperture small enough to
measure only the flux about the peak of a distribu-
tion was needed to supplement the reading with the
larger aperture so that the slope of the flux distribu-
tion of a specimen can be evaluated:

¢ Y
Slope= '),(',” (,;1‘,, 9)
a3 —ayf3,

where G is the instrument reading for the small
receptor aperture, a;8), and @ is the instrument
reading for the large receptor aperture, «,8,. The
small receptor aperture arbitrarily chosen is «8=
2.0°<4.5°.  The larger aperture already prescribed
by Method D523 is a8, =4.4°% 11.7°.

Measurement of the slope by this procedure is
useful over regions of a curve where the slope is
constant. As the goniophotometric curves of most
specimens do not have constant slope, other rela-
tionships between 7, and G were sought. Several
graphical representations of data were considered.

Figure 9 shows specular gloss data taken with the
large aperture, ¢, plotted against data taken with
the small aperture, G, for the specimens whose

100

80

60

40

20

100

GL

Plot of glossmeter readings with small aperture
against those with large.

FIGURE 9.
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Fraure 10.

goniophotometric curves were shown earlier. The
three branches that result are consistent with the
separation into appearance types, as evidenced by
the goniophotometric data. As aperture reduction
stops more flux for narrow-angle scatterers than for
wide-angle scatterers the data for the former lie in
the lower branch. The plotted points in each branch
lie in a sequence consistent with the order of the
peaks of the goniophotometric curves for the speci-
mens represented. The curve for a group of inter-
mediate scatterers lies between those for the extreme
types.

Terminal points @ and b (fic. 10) occur at the
indicated locations for the following reasons: If a
receiver aperture is reduced to a size just larger than
the source image the reading for a perfectly polished
specimen 1s not varied because all the flux reflected
from the surface of a polished specimen will enter
the receiver if the receiver aperture is larger than
the source image. Point @ represents the specular
closs of a specimen of polished glass of index 1.527
and is plotted at 93.6 on both scales.

When a receiver aperture is reduced m area the
glossmeter reading for a perfect diffuser will be re-
duced by the ratio of the areas. The glossmeter
reading of a perfect diffuser for the receiver aperture
of the 60° geometry of ASTM Method D523 was
reported by Hammond and Nimeroff [5] to be 2.1.
As the ratio of large to small receiver entrance
window 1s 5.7, point b is plotted at G, equal to 2.1
and G5 equal to 0.37.

6. Round-Robin Test

A round-robin test was undertaken on 26 speci-
mens to evaluate data reproducibility, data repeat-
ability, and specimen classification by the two-
parameter (receptor aperture) method for spv(-ulm'
closs. By these terms are meant the following:

1. Data repeatability (within laboratory preci-

sion): Repetition by each laboratory of data ob-
tained at that laboratory to within a reasonably
small tolerance.

2. Data reproducibility (between laboratory vari-
ability): Reproduction by each laboratory of data
obtained by the other laboratories to within a
reasonably small tolerance.

3. Specimen Classification: The existence of at
least three classes of gloss characteristics that can
be distinguished by a two-parameter gloss technique.

6.1. Analysis of Round-Robin Data

The data resulting from the round-robin are shown
in table 1.

To test repeatability and reproducibility we select
a suitable mathematical model. The model used
here for the measuremeunt of the 7th specimen in the
Jth laboratory is

Yir=t+L;+ ey, (10)

where y,;; is the measurement, ¢, is the population, or
“true,” value of the measurement, L, is a random
variable having an average value of zero and variaunce
o7, which reflects the variability between labora-
tories, and e;; is a random variable having an average
value of zero and variance ¢, which reflects the pre-
cision for laboratory j.

a. Repeatability

A duplicate measurement is denoted by a prime,

as y;,. Then the difference between duplicate
measurements is a quantity d,;, thus
’ &

dij=Ys;—Yi;=€1;— €1y (10a)

having an average value of zero and variance 22
Thus if there is no reason to believe that the within-
laboratory error varies with the different specimens,
the variance o3 of each laboratory for the 26 speci-
mens can be estimated by means of the equation.

g2y _dist. . Adiy

T o

(11)

52

Systematic errors in duplicate measurements of @,
by laboratories 2 and 5 and of Gs by laboratory 2
were detected and eliminated from the estimates of
precision for the determinations. Systematic errors
in duplicate measurements for a laboratory are those
in which d;; is the same sign for all or most specimens.
This error is evident when the average value for all
specimens differs appreciably from zero. The results
for each laboratory are given in table 2.

The variance of the within-laboratory data is of
the same order of magnitude for all laboratories when
systematic errors are eliminated from the estimates
of variance. The average variance, s? within
laboratories is 0.217 for G, when s is eliminated,
and 0.212 for G5 when s? is eliminated. Thus re-
peatability for @ is approximately equal to that
and G and both variances are reasonably small.
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TasrLe 1.

Data for round-robin test

‘ (1 for laboratory— (s for laboratory—
Speci- I - N -
men |
‘ 1 ‘ 2 ‘ 3 4 5 6 7 1 2 3 4 | 5 6 v
[SESUCEESNN FESATI| T S e ——] | S SEESS—— EEEC— (—
1 { 90.7 90.5 89,8 90. 0 90. 0 89.5 88.4 79.4 77.3 77.0 79.0 81.0 83.3 73.1
N\ 90.4 90. 6 90.0 90 92 89.3 89. 1 80. 2 79.1 79.2 i 84.2 72.4
1A { 89.5 86. 1 87.6 88 91 86.7 86. 8 74.3 71.1 83.1 81 7 84.5 81.5
‘ 87.5 88.8 88.8 89 92 85.0 87.5 75.8 79.8 84.5 | 82 - 86. 5 80.9
9 { 83.8 83.3 82.2 84 86 83.9 80.4 79.1 77.8 76.2 77 78 77.0 73.7
83.6 84.1 83.0 83 87 84.5 80.9 79.3 79.5 76.1 77 78.8 73.1
94 { 84.6 84.7 84.4 85 88 85.0 81.9 82.6 82.7 83.2 82 81 78.4 76.5
‘ 85.5 85.7 85.0 85 88 85.1 82.1 82.9 82.3 83.1 82 - 77.6 76.6
3 { 73.6 73.6 73.1 73 7 76.0 69. 8 66.3 65.2 66. 2 67 66 60.1 59.5
74.0 74.1 73.8 73 75 76.2 70.3 66. 9 66. 5 66. 4 66 B 58.9 59.3
3A { 75.6 75.8 76.0 76 80 77.8 7.3 73.1 72.9 73.7 74 72 71.4 66. 2
‘ 76.0 75.5 76.0 76 82 77.8 7.7 73.4 74.1 72.3 74 - 70.2 64. 6
4 { 70.8 | 69.6 68.2 68 67 70.5 67.9 49.2 47.0 4.5 45 51 | 45.2 41.9
71.4 71.6 68.1 68 67 70.8 68.2 50. 2 48.1 44.9 46 .- | 45.8 41.6
4A { 69.5 | 68.8 65.7 66 64 71.3 66. 5 53.4 50.8 50.9 51 52 45.5 16,9
698 | 69.6 66.3 66 64 70.7 66. 9 53.3 54.0 50.1 50 46.5 46.7
5 | { 63.7 62.6 61.3 62 62 63.0 59.4 40.6 38.9 37.6 38 42 37.5 33.6
: N 63.8 63.0 62.4 62 64 62.7 59.5 40.3 40. 6 37.6 | 39 37.9 33.2
5A | { 60. 4 60.1 60. 1 60 60 59.8 55. 6 38.5 35.3 32 38 40 35.1 29.8
UR60.5 60.0 60.5 60 63 59. 4 56.0 38.5 37.8 37.8 38 36.2 29.5
6 { 18.6 19.2 18.1 19 21 21.4 14.6 = 9.2 7.8 8.6 8.3 9.6 4.4
18.6 19.5 18.1 18 23 21.2 14.5 .3 9.5 Tl 8.3 R 9.7 4.3
6A { 16.0 16.2 15.4 15 19 19.7 11.7 3 8.0 6.7 7.4 7 8.6 3.5
‘ 15.9 16. 5 15.8 16 20 18.4 11.9 .3 8.3 6.5 7.3 8.7 3.4
7 { 41.8 41.5 | 39.5 41 40 41.6 36.5 9.0 19.3 17.5 19 20 19.0 12.9
41.8 42.1 40.7 41 41 41.4 36.8 .0 20.2 17.2 19 .- | 189 12.9
TA { 40.3 40.4 39.3 40 41 41.9 35. 6 .9 20. 4 19.0 20 21 20.4 14.1
‘ 40.5 40.5 40.3 40 43 42,0 35.7 .8 21.0 19.0 19 - 20.2 14.0
8 {17.1 18.8 17.9 17 22 20. 9 13.7 s 9.1 7.9 7.6 | 7.7 8.3 3.9
17.7 19.3 17.8 18 23 20.0 13.6 T 9.1 7.4 8.2 | 9.4 3.8
8A { 21.0 24.0 2, 23 29 24.2 .6 11.3 14.9 13.2 13 12 13.8 7.9
AN 22.5 24.8 22.0 23 29 25.1 6 12.7 14.6 12.1 13 o 15.0 7.6
9 { 29,3 29.7 28.2 29 30 29.9 A 10.9 11.8 9.9 11 12 | 1.9 6.3
! 29.4 29.8 28.6 29 31 30. 0 .5 11.8 12.2 9.7 11 11.9 6.2
9A { 26.2 26. 4 25.2 26 27 27.0 .4 9.6 10. 4 8.4 9.8 9.7 11.0 5.4
& 26.1 26. 6 25.2 26 28 27.2 .5 9.6 10. 6 8.5 9.7 - 10.7 5.3
10 { 8.5 9.4 7.6 8.6 9.0 9.4 5.1 1.8 2.4 1.4 1.9 1.9 2.8 0.0
8.5 9.4 1 8.6 10.0 9.3 1 1.8 2.5 1.4 1.9 o 2.8 0.0
10A { 7.4 8.0 6.8 7.4 8.0 8.4 0 1.6 2.2 1.4 1.9 1.6 2.6 0.0
‘ 7.4 8.2 6.8 7.4 8.0 8.4 .0 1.6 2.2 153 1.8 . 2.6 0.0
a1 { 79.1 76.7 76.6 75 76 75.6 .7 70. 4 67.2 71.1 67 68 48.0 46.9
79.1 7.7 78.8 76 76 75.3 ). 8 70.7 | 70.7 70.1 67 | .- 16.7 48.3
G2 { 82.7 82.4 83.2 82 80 84.8 6 76.3 75.0 78.2 76 75 75.3 68.0
83.7 83.7 83.3 83 84 85.0 3 78.0 77.2 78.2 76 - 77.1 68.1
a3 { 63.5 60. 8 59.3 60 60 61.1 .4 49.6 43.3 43.2 44 47 45.0 37.6 |
62.6 | 58.7 58.7 60 64 61.6 .6 48.7 44.4 43.1 45 14.4 37.0 ‘
G4 | { 67.6 64.0 67.4 67 70 69. 8 1. 6 57.8 53.6 57.8 54 57 59.0 49.0
N\ 67.6 66. 6 68.3 66 74 68. 6 .4 57.7 56.3 57.2 54 . 58.6 47.4
a5 | { 79.8 78.2 79.2 79 80 79.1 3.0 64.1 59.7 64.2 64 67 54.6 52,5
P 79.9 78.3 80.9 79 80 78.9 Bl 65. 4 63.4 64.5 64 55.5 52.3 ‘
a6 { 59.3 57.2 55.8 58 56 58.7 53.2 | 32.0 32.5 29.3 32 35 | 30.7 25.0
! ‘ 59.4 57.6 57.4 58 59 | 58.4 53.7 32.0 33.5 29.6 31 [ | 30.8 ‘ 24.7 \
| |

‘
\
|
|

TasLE 2. Variance of laboratories for Gr, and Gg determinations
;
8
Laboratory |
L Gs
1. 0. 196 0.152
D T N . 330 L727
SR - 360 179
4 L 154 L144
5 847 |
6 . 152 . 396
{7 . 108 . 188
St

b. Reproducibility

for the average of six laboratories,
result being made up of two dupli-

The variance
ecach laboratory
cate readings, is

[o7.+(o?/2)1/6,

where o2 is the variability between laboratories and
o2 is the variance within laboratories. The varia-

bility between laboratories for @, is 2.07 and for G
is 2.21. This analysis may be represented thus:
— =
\ G'Z(GL) ‘ ﬂz(as) ‘
r
\
Variance of a laboratory average of ‘
two readings . _____________ 2. 18 2.21 |
Variance of 6 laboratories average___| 0. 36 0. 37 ]
|
This analysis shows that the reproducibility of

G, and Gy is approximately equal and the variance
in both is reasonably small for the average of 6
laboratories, but is somewhat large for 1 laboratory

average of 2 duplicate readings.
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c. Specimen Classification

The data shown in figure 9 are the arithmetic mean
values of readings obtained with the small aperture,
(s, plotted against arithmetic mean values of read-
ings obtained with the large aperture, G,. Because
the errors in readings for G, and Gs are correlated,
simple functions of G, and Gy are desired in which
the errors are uncorrelated. These statistically un-
correlated functions would be useful for the final
discrimination of gloss characteristics, that are, how-
ever, functionally related. Two simple functions,
which seem to work well, are the sums, S, and dif-
ferences, D:

Lg: GLT GS
]): GL_ GS-

If only the determinations G, and Gg are used for
discrimination, the statistical correlations between
them may obscure the discrimination between dif-
ferent gloss characteristics.  Use of S and D accentu-
ates the ability to discriminate gloss characteristics.

The fact that S and D) are statistically uncorrelated
can be demonstrated by the following simple argu-
ment. The correlation between S and D is given [14]
by

o(S, D)=E[(S—S)(D—D)]/s(S)e(D), (12)

where £ is read as “the expected value of”; S and D
are the mean values of S and D, I(‘S})(‘(‘th(‘l_V. When
G+ Gy 1s substituted for S and G, — Gy is substituted
for D in eq (12), the following expression for the
correlation between S and ) results:

5 =26 —a*Gs), 2
p(S,D)= (Yo (D) (s

Experimental results, discussed above, indicate that
S . , ; ) Al
the variances, ¢*(G,) and ¢*(Gs) are equal. Thus

) L

(S, D)=0

Figure 10 shows a plot of the I) versus S values
for the data of figure 9.

7. Two-Parameter Method and Subjective
Evaluation

The two-parameter (receptor aperture) method

ras found to correlate with goniophotometric curve
evaluatlon in that three groups are established by
both methods, each containing essentially the same
specimens 1n (‘s%?lltlc‘dl_\' the same order (see figs. 8
and 10). Correlation between subjective and instru-
mental evaluation is required to esablish firmly the
utility of the two-parameter method.

7.1. Image Distinctness and Constant Image
Brightness

A test was arranged to determine whether image
distinctness could be evaluated as the two-parameter
method evaluates it, when variation in brightness is
minimized. Twelve sets of three specimens, each set
of approximately equal brightness (G;,), were selected
from the 26 specimens and presented to the observers.

The source was a bank of fluorescent lamps. The
standards were placed on a table so that images of
the lamps were reflected at a specular angle of ap-
proximately 60°. The observers were asked to
arrange the specimens in order of image distinctness,
indicating ties where necessary. The selected sets
of three specimens are listed in table 3, together
with the corresponding G, values. Image distinet-
ness in each set of triplets increased from left to
right and are given numbers 1, 2, and 3, respectively.
In set 11, specimens 3 and 3A are from the same
family of image distinetness and are both ranked 2.5.
Similarly, specimens 4A and G3 of set 12 are ranked
2.5.

TaBre 3. Sets of three specimens for evaluation of I with
constant G,
i: = e '77" e e ———1
[ Set Specimens 2 ‘ Corresponding 1,
I R S -
[ | | |
1 1 | G2 2A 90 83 86
3 2 1A ‘ 2 ‘ 2A 88 84 86
‘ 3 G5 2 2A 79 84 86
4 G5 G1 3 79 77 74
5 G5 ‘ G2 | 3A 79 83 77
6 Gs | G 3A 79 7T
7 4 | a1 3A 69 77 77
8 4 G1 ‘ 3 69 i 7
9 4 G4 | 3 69 68 7
10 9A 6 SA 2 20 24
| | |
‘ 11 G1 b3 b 3A 77 7 77
\ 12 5 c4A c G3 63 | 67 61

a Image distinctness increases from left to right in each set of triplets, and are
given numbers 1, 2, 3, respectively.

b Same image family.

¢ Same image family.

The results of this test are listed in table 4. As
a measure of agreement between ranking given by
the m judges and ranking assigned by Gg of the
two-parameter method, an average of m rank cor-
relations was determined. The Spearman rank cor-
relation coefficient was used, and the average is
indicated by Re. 1f (X}, X,, Xj) is the assigned
ranking of three objects and (Y, Y, Vi), for i=1
to m, are the rankings given by the m judges, then,

m

:""Z Z (‘Y }71/ 4)/2}

‘7m, {X (Zi} ij>~4lrl}.

The results of the computation of Rs for these speci-
mens show quite good agreement between the as-
signed and the given rankings.

(13)
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TaBrLE 4. Rankings of triplets by 10 judges

| | I | | |
‘ Set ‘ DB WAH KLK | MMB | LEB | MAB HKH | IN MZ | JRR  |Average| Rs |
| ‘ | | | ranking |
S O i = — — | | . — 1 P ‘ o
2 3 | 12 3 1 2 3 123 | 123 ‘ 12 3 12 3 123 132 ‘ 1 2 3 [ 123 | 09
2525 | 12 3 1.5 1.5 3 123 123 12525 12525 | 123 | 123 1 2525 123 .88
2 3 | 12525 1 2 3 123 123 12 3 12525 123 | 123 1 2 3 123 .95
2 3 112 3 1 2 3 123 123 12 3 | 12 3 123 | 123 1 2 3 123 1.00 |
2 3 g 2 1 2 3 123 132 12 3 | 12 3 123 | 132 1 2 3 123 0.85 ;
2 3 12 3 1 2 3 123 123 12 3 | 12 3 ‘ 123 | 123 1 2 3 | 123 1.00
1 3 12 3 1 2 3 123 | 1231 12 3 ‘ 12 3 | 123 | 123 1 2 3 123 0.95
2 3 12 3 1 2 3 123 123 12 3 | 12 3 | 123 | 123 1 2 3 | 123 | 1.00
2- 3 12 3 1 2 3 123 123 12 3 i 12 3 123 | 123 1 2 3 | 123 | 1.00
2 3 21 3 2 1 3 | 123 213 12 3 ‘12 3 123‘213 1.5 1.5 3 12{:().781
| | | |
3 2 13 2 1 2525 23 132 12 3 13 2 132 | 132 1 2525| 132 | .65
2 3 12 3 1 2 3 | 23 | 123 | 12 3 ‘ 22 2 123 ‘ 213 1.5 1.5 3} 12 | 83
| | | | | I |
To measure the agreement among judges without | photometer. For reasons of economy simpler tech-

reference to the “correctness” of what they agree
upon, Kendall’s coefficient of concordance [15], W,
was used.

10

3
122 5,23 i;—20)?
1 1 ) B

W= = 9 (14)
2400 — 103 (18 —1,)
1
where
0 for no ties
t,;—< 2 for two specimens tied

3 for three specimens tied.

The results of the computation of W are listed in
table 5. Theseresults show a high concordance among
the judges for the 12 sets selected.

We may therefore conclude that, where the image
brightness range is not great, image distinctness is
evaluated by the two-parameter method in accord
with subjective evaluation. Thus the two-parameter
method may be considered to be a successful tech-
nique for evaluating image distinctness when image
brightness is relatively constant.

Measure of agreement among judges, Kendall's
coefficient of concordance, W

TABLE 5.

Set W

1. . 0.91

| 2.- .89
I — o 96|

| 4 1.00

5. 0.79

[ 6. 1.00

7 . 0.91

| 8 } 1. 00
9 .00 |
10 0.77 |

Mo | .83

12 )

Average .

8. Summary
A complete deseription of the gloss characteristies
of any specimen requires multiparameter data, ob
tained on either a multiblane or a monoplane gonio
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niques are sought that can adequately describe the
gloss characteristics of any specimen. The simplest
method, using one parameter, does not always pro-
vide a sufficient description.

Two-parameter gloss methods provide more ade-
quate deseription of the gloss of specimens than do
one-parameter methods. A two-parameter tech-
nique employing specular reflection measurement for
two incidence angles reveal specimen incidence-angle
dependency. A gloss index may state the difference
of specular reflectance for a difference of specular
angle, dG/db.

A two-parameter technique employing specular
reflection measurement with a large and a small re-
ceptor aperture will reveal the existence of more than
one gloss type A specification may state the ranges
of G, and Gg, or S and D, thereby imdicating the de-
sired surface-appearance type.

The author thanks M. Zelen and Joan R. Rosen-
blatt for advice and assistance in the analysis of the
round-robin data and the subjective evaluations, and
W. A. Hall for assistance in this investigation.
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