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INTRODUCTION
I I The current global economy has increased interna-

tional competitionand theneed toimprove the qual-

ity of many manufactured products. Appearance
measurements are used to determine the quality and ac-
ceptability of a variety of products from textiles tomachine
finishes. Since the manufacture and marketing of these
products is international in scope, the methods, instru-
ments, and standards for the measurement of appearance
must be precise, reproducible, and internationally stan-
dardized as well.

The appearance of an object is the result of a complex
interaction of the light incident on the object, the optical
characteristics of the object, and human perception. The
scientific basis for the measurement of appearance at-
tributes hasbeen under investigation for the better part of
acentury and many appearance attributes measurements
havebeen standardized by the Commission Internationale
del’Eclairage (CIE).! The visual response of human observ-
ers to wavelengths of light for the spectral region of 360 to
830nmis tabulated as the CIE standard observer. The CIE
has defined a series of standard spectral distributions that
are known as the CIE Standard Illuminants.

Appearance attributes of an object are roughly divided
into chromaticand geometric. The chromaticattributesare
those thatvary the spectral distribution of the reflected light
(color). The geometric attributes are those that vary the
spatial or angular distribution of the reflected light (gloss
and haze).

This paper describes the reference goniophotometer at
the National Institute of Standards and Technology (NIST).
This instrument complies with the geometrical and spec-
tral conditions specified by the American Society for Test-
ing and Materials (ASTM) D 5232 and the International
Organization for Standardization (ISO) 28133 documen-
tary standards for the measurement of specular gloss of
nonmetallicsurfaces at fixed specular geometries of 20, 60,
and 85°. Gloss measurements for otherindustrial applica-
tions using different geometries can also be accommo-
dated. This goniophotometer is also capable of character-
izing the distribution of unabsorbed incident radiation by
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The measurement of specular gloss consists of
comparing the luminous reflectance from a test
specimen to that from a gloss standard, under the
same geometric conditions. The reference
goniophotometer described here was designed and
characterized to comply with the geometric and
spectral conditions specified in the international
documentary standards for specular gloss mea-
surements at the standard geometries of 20, 60,
and 85°. In addition, this instrument measures the
bi-directional luminous reflectance and transmit-
tance for incident angles from 0 to 85°. The
goniophotometer and the measurement procedures
used to determine the specular gloss of nonmetal-
lic samples are described in this paper, as well as
the characterization of the instrument and uncer-
tainty analysis. The minimum relative expanded
uncertainty (k=2) for the reference goniophotometer
i5 0.3%.

reflection or transmission from a material atincidentangles
from 0 to 85°, in compliance with ASTM E 167.% Figure 1
showsa plot of theluminousreflectanceas a function of the
observation angle for a set of black glasses with different
values of gloss.

Interest in gloss measurements at the National Bureau
of Standards (NBS, as it was previously called) dates back
to the 1930s.>7 The goniophotometer described in this
paper was originally developed at NBS? in the 1970s by
scientists activein the development of the ASTM standard
test method and has recently been updated, automated,
and characterized. The instrument was revived to meet
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Figure 1—Luminousreflectance as a function of
observation angle for a set of black glass with
different levels of gloss as indicated in the leg-
end.

industrial needs, such as the paint and automotive indus-
tries, for accurate gloss measurements and direct traceabil-
ity to national standards.

GLOSS DEFINITION AND
MEASUREMENTEQUATIONS

This section details the basic definitions and the relevant
measurement equations to determine specular gloss. The
approachutilized in this paper is based upon the concepts
presented in references 8-10.

Gloss is the perception by an observer of the shiny
appearance of a surface. This perception changes when-
ever there is a change in the relative position or spectral
distribution of the source, the sample, and the observer.
Different standard geometries are used to determine the
specular gloss of materials. Table 1 lists examples of these
geometries and their applications. These geometries were
selected based on their ability to produce optimum dis-

Table 1— Standard Geometries for Specular Gloss Measure-
ments and Their Applications

Specular Angle Applications

20° i High gloss of plastic film, appliance and
automotive finishes

30° i High gloss of image-reflecting surfaces

45° i, Porcelain enamels and plastics

O0° i All ranges of gloss for paint and plastics

75% i, Coated waxes and paper

85° i Low gloss of flat matte paints and camou-

flage coatings

Table 2— Specular Reflectance po(6, Ap) of the Theoretical
Gloss Standard for Each Incident Angle of the Standard
Geometries at Wavelength Ao = 589.3 nm

Incident Angle p,(6. 1)

20° i 0.049078
O0° i 0.100056
85 i 0.619148
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crimination between samples and to correlate with visual
rankings.

The measurement of specular gloss compares the specu-
lar luminous reflectance from a test specimen to that from
a standard surface under the same experimental condi-
tions. Theincidentbeam is a collimated white light source
thatsimulates CIE Standard Illuminant C, and the amount
of radiation in the reflected beam is measured with a
photopic receptor. The theoretical standard for specular
gloss measurementsis a highly polished planeblack glass
with arefractiveindex for thesodium Dlinenp=1.567. To
set the specular gloss scale, the specular gloss of this
theoretical standard has an assigned value of 100 for each
of the three standard specular geometries of 20, 60, and 85°.
For primary standards with a refractive index different
from np = 1.567, the specular gloss is computed from the
refractiveindex and the Fresnel equations. Recommenda-
tions for specular gloss standards and anew NIST primary
gloss standard are described in reference 11.

Measuring the specular gloss of a test sample involves
theratio of theluminousreflectances of the testsample and
primary standard. The specular gloss of a test sample ata
nominal angle 6y is given by

P, (8,)
0..(6,) M)

where G;(8) is the specular gloss of the primary standard
and p,(00) and p.s(8p) are the specular luminous
reflectances of the test sample and primary standard, re-
spectively. Furthermore, the specular gloss of the primary
standard is given by

G,(0,)=G,(8,) -

_ 20y, Ap)
G,(69) =Gy (6) 0080, Ap) )
where Go(6p) is the specular gloss of the theoretical stan-
dard and ps(8o, Ap) and po(8o, Ap) are the specular reflectances
of the primary and theoretical standards, respectively, ata
wavelength Ap = 589.3 nm. Combining equations (1) and
(2), the specular gloss of the sample under test is given by

), ps(e[)l?\’D) . pv,t(e[))
pO(eO’}“D) pv,s(eo) ®)

For each of the three standard geometries (20, 60, and 85°),
the specular gloss of the theoretical standard is defined as
Go(80) =100. The specular reflectance p from the surface of
a nonmetallic sample depends on the incident angle 6
defined relative to thenormal of thesample, the wavelength
A, and polarization ¢ (p or s) of the incident radiation. The
specularreflectanceas a function of these variablesis given
by the Fresnel equations,

n%(\)-cosB— \[nz(k) —sin0 ]2
4)

n?(A)-cosO+ \/nz(k) —sin’6

Gt(eo) = Go (90

p(e,A,p) =l

0(0,), S):lcose—\/nz(k)—sinze‘|2

cos0 + \/nz(k) —sin®6 )

The specularreflectance for unpolarized lightis calculated
from the average of equations (4) and (5). The specular
reflectances for unpolarized light for the theoretical stan-
dard po(8o, Ap)withnp=1.567 are calculated from equations
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color filter. The light source is a quartz-tungsten-
halogen lamp rated at 100 W. A constant dc current
isrun through the lamp from a computer controlled
power supply. An image of the lamp filament is
formed on the source aperture with an achromatic
condenser lens system. This source aperture is the
field stop for this optical system. The dimensions of
the source aperture are within the tolerances of the
documentary standard specifications as shown in
Table 3. A second lens (focal length 192 mm) colli-
mates the beam into an approximate 3 cm diameter
beamatthesampleholder. A color filterisused so that
the spectral flux distribution of the source-filter com-
bination closely resembles that of CIE Standard
[uminantC. A glass-laminated polarizeris used to
providelinearly polarized light or ascrambleris used
to provide unpolarized light as the incident beam.

The goniometer positions the sample and receptor
forbi-directional reflectance and transmittance mea-

Figure 2—A schematic diagram of the NIST reference
goniophotfometer.

surements. This goniometer consists of two rotation

stages, which are computer controlled. The sample

(4) and (5) and arelisted in Table 2. For the case of the NIST
new primary gloss standard,!! the specular reflectances
are calculated from the measured np =1.5677+0.0004 and
equations (4) and (5).

The components of uncertainty associated with gloss
measurements are divided into those arising from experi-
mentally measured quantities and those from deviations
from standard recommendations. The experimentally mea-
sured quantities include the source stability, responsivity
of the detector, photodiode linearity, digital voltmeter,
amplifier gain ratio, and signal noise. Deviations of the
reference instrument from the standard recommendations
include deviations from the specified spectral flux distribu-
tion of the source, spectral responsivity of the receptor,
unpolarized and perfectly collimated incident beam, and
nominal incident angle. The resulting uncertainty from
deviations from the standard recommendations depends
on the nature of the sample under test and the primary
standard. Details of the derivation of the measurement
equations to determine the components of uncertainty
associated with gloss measurements are given in Appendix A.

INSTRUMENT DESIGN

The reference goniophotometer is a monoplane gonio-
instrumentwith a fixed sourcearm, arotating sample table
and receptor arm. The sample table and the receptor arm
canberotated independently of
each other in the plane of inci-
dence. A schematic diagram of
the goniophotometer in reflec-

table is 480 mm in diameter and holds rectangular

samples with dimensions up to 100 by 200 mm and
thickness up to 25 mm. In addition, a sampler holder with
vacuum suction is used for non-rigid samples such as
paper. The optical components for the receptor arm are
enclosedinalight-tightbaffle tube with aniris diaphragm
at the entrance. The collector lens (focal length 508 mm) is
behind thisiris diaphragm and focuses the reflected beam
at the receptor aperture. Table 3 lists the recommended
dimensions of the receptor aperture with specified toler-
ances and the measured dimensions for the NIST aper-
tures. Thisapertureislocated at the entrance of the sphere
to restrict the field of view of the receptor. The receptor
package consists of a 30.5 cm diameter sphere packed with
pressed polytetrafluoroethylene (PTFE) and a photopic
receptor. The photopicreceptorisatemperature controlled
silicon photodiode and a filter with a computer controlled
variable gain current to voltage amplifier. The photodiode-
filter combinationapproximates VA. Theamplified output
fromthereceptorismeasured bya6'/2-digit voltmeterand
sent to a computer.

Measurements of the sample under test are bracketed
with primary specular gloss standard measurements in
order to correct for any instrumental drift. The specular
gloss of the test sample is then calculated from the ratio of
themeasured luminous fluxreflected from thesample to the
average of the measured luminous flux reflected from the
primary gloss standard. If a polarizer is used, measure-
ments are performed with parallel and perpendicular po-
larization with respect to the incident plane, and the aver-

Table 3—ASTM Specifications and the NIST Measured Values for Source and Receptor
Apertures, with Tolerances and Uncertainties, Respectively

tance mode is shown in Figure 2

and adetailed description of the In Plane () Perpendicular to the Plane ()
instrumentis given. Apertures ASTM Spec. NIST Apertures ASTM Spec. NIST Apertures
lThe Sou.rcesyStel?cor‘SIStSOf SOUICE 1rovcoverreen 0.75 + 0.25 0.75 + 001 30(max) 05 3.0 «0.0]
a lamp unit, a set of condenser  pge Receptor..... 1.8 0,05 1.82 + 0,01 3.6+0.] 3.64 +0.02
lenses, a precision source aper-  60° Recepftor........ 4.4 0.1 4.44 + 0.02 11.7 £ 0.2 11.72 + 0.01
ture, a collimating lens, and a  85° Receptor........ 40+0.3 4.03 + 0.01 6.0+03 6.02 + 0.01
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Figure 4—Actualandideal spectral products of
the source and receptor.

age of these two measurements yields the reflectance for
unpolarized radiation.

CHARACTERIZATION OF INSTRUMENT

Thisinstrumenthasbeen carefully characterized and cali-
brated toensure proper operation and to verify agreement
with the documentary standard specifications for specular
gloss measurements—ASTM D 523 and ISO 2813. These
documentary standards specify the incident beam to be a
collimated unpolarized beam, the specular angles, the
source and receptor apertures, and the spectral flux distri-
bution of the source and spectral response of the receptor.
Details of the characterization of the instrument follow.

Thelamp isburned inat 100 W for 24 hr and then at the
operational current of 6.3 A foranadditional 48 hr prior to
performing measurements. The stability of the source was
investigated by measuring the flux incident on a Si photo-
diodeatthesamplelocation fora period of 30 min. A typical
relative standard deviation over 10 min is 0.01%.

The degree of polarization of the source unit was mea-
sured by rotating a polarizer and measuring the maximum
and minimum transmitted signals. The difference of the
signals was divided by the sum to obtain the degree of
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polarization of the source. Thisratiois approximately nine
percent. Because the lightsourceisnot completely unpolar-
ized,a glass-laminated polarizer or scrambleris used in the
beam pathjustbefore the sample. Theaveraging sphere on
thereceptor armin front of the photopicreceptor random-
izes any additional polarization imparted by the sample.
The leakage of the glass-laminated polarizer for radiation
thatis polarized perpendicular to the intended direction of
polarization on the source unit is 1.4%. The degree of
polarization of the source-scrambler combinationis 0.02%,
providing a good beam of unpolarized incident radiation.
The divergence of the source was determined experimen-
tally by measuring the source size at specific distances. In
the plane of measurement, the half-angle divergence of the
sourceis 0.3°.

Therecommended spectral condition for specular gloss
measurements is for the source to simulate the spectral
distribution of CIE Standard Illuminant C and for the
receptor response to simulate the CIE 1931 2° luminous
efficiency function. The spectral distributions of these stan-
dards are shown in Figure 3.

A color filter was designed so that the spectral flux
distribution of the source-filter combination will closely
resemble that of CIE Standard Illuminant C. The correlated
color temperature (CCT) and the spectral flux distribution
of the source for the spectral range of 380 to 1070 nm were
measured using a calibrated scanning spectroradiometer.!?
A freshly pressed PTFE sample!® was placed in the sample
holderatanincidentangle of 45° and an observation angle
of ~0°. The spectral reflectance of PTFE is nonselective in
the visible region. Therefore, the PTFE sample has no
significant effect on the measured CCT of the source. The
lamp currentissetat 6.3 A toachievea CCT 0f2856 K10
K with a coverage factor of k = 2. A color-temperature
conversion filter was designed to simulate the spectral flux
distribution of CIE Standard Illuminant C (CCT =6774K)),
achievinga CCT of 6740 K+ 30 K with a coverage factor of
k=2.

Theabsolute spectralresponsivity of the filter and recep-
tor package was measured in the NIST Detector Compara-
tor Facility,'* and approximates that of the CIE 1931 2°
standard observer. The measured spectral distribution
was normalized to one at 560 nm to compare with the
theoretical distribution. The responsivity spatial unifor-
mity of the receptor was not determined since an integrat-
ing sphereis used in front of the receptor. Figure 4 showsa
comparison of the spectral products of the source and
receptorand of the CIE Standard llluminant C and the 1931
2°luminous efficiency function.

Theangularscales of the sample table and receptor were
checked foraccuracy and repeatability from 0 to£85°. The
incident angles on the sample table are calibrated using a
setofisosceles prisms madeby the NIST optical shop. These
prisms have nominal base angles of 20, 60, and 85° with
maximum deviations of 0.05°. These angles correspond to
thestandard geometries for evaluation of the specular gloss
of nonmetallic paint samples. The prisms were calibrated
by the Manufacturing Engineering Laboratory at NIST
using a precision electronic autocollimator with an ex-
panded uncertainty (k=2) of 0.005°.° For the calibration of
the incident angles, one of the calibrated prisms was
mounted in the sample holder. The sample table was then



Table 4—Average Gain Ratio and Relative Standard Deviation
for Successive Amplifier Gain Ratios

Gain Ratio Average Value Relative Standard Deviation (%)

0.002
0.002
0.002
0.003
0.003

rotated so that theback reflection was retro-reflected. This
procedure wasrepeated for the three prisms, the resulting
maximum uncertainty for the angular scale of the sample
tableis 0.05°. The repeatability of the angular scale for the
sampletableis 0.005°. Then, to calibrate the receptor angu-
larscale, a front surface mirror replaced the prism and the
reflection was centered in thereceptor aperture by rotating
thereceptor arm. The maximum uncertainty for thereceptor
arm angular scale is 0.05° and the repeatability is 0.001°.

The dimensions of the source and receptor apertures are
predetermined by the specular geometry, focal length of the
collimator lensin the system, test material, and the correla-
tion with visual ranking. Table 3 lists the standard recom-
mended aperture sizes and acceptable tolerances and
measured values for the NIST apertures. Thelinear dimen-
sions of the apertures were measured, and the angular
dimensionswere calculated. All of the aperturesare within
the ASTM tolerances.

The photopic receptor consists of a temperature con-
trolled silicon photodiode with a photopic filter and a
computer controlled variable gain current to voltage ampli-
fier. The gain setting of the amplifier is the power of 10 by
which the currentis multiplied to convertittovoltage. For
low gloss samples, the measured signalis much lower than
the signal from the high specular gloss primary standard.
In this case, several amplifier gain settings are required to
cover the dynamicrange. From equation (A2), the ratio of
the gain is the required quantity. The gain settings of the
amplifier were calibrated using a reference constant cur-
rentsourceas theinputof theamplifier,and a voltmeter was
used tomeasure the outputsignal. Ateach gainsetting, the
current was set to obtain a range of voltages from 10 to 0.1
V in 20 equally spaced steps and the output signal was
measured at each current. This protocol yielded current
settings thatwere common tosuccessive gain settings. The
average value of the gainratioand relative standard devia-
tion of these overlapping settings for successive gains are
listed in Table 4. The gain ratios are not exactly equal to 10,
and forbetter results, itisbest to measure signals between
therangeof 0.5t0 12 V.

The linearity of the photodiode-amplifier combination
wasmeasured using the NIST automated beam conjoiner. ¢
This facility uses the beam addition method with a set of
filtersin the path of the twobranches of thebeam to vary the
radiant flux at the receptor by three decades. The linearity
of the photodiode-amplifier combination was checked at
gain settings from 5 t0 9. The maximum radiant flux at the
receptor is controlled by a set of neutral-density filters in
front of the receptor. Figure 5 shows a plot of the relative
responsivity (ratio of the measured signal to the actual flux)
as a function of current for the gain settings listed in the
legend. The measured relative responsivity of the photo-
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Figure 5—Relative responsivity (ratio of the mea-

sured signal to the actual flux) of the photo-
diode-amplifier combination as a function of
current for the listed gain settings.

diode-amplifier combinationislinear within 0.2% for gain
settings of 5 to 8. Larger deviations are observed at gain 9
due to the small current at this setting.

UNCERTAINTY ANALYSIS

This section describes the components of uncertainty, their
evaluation, and theresulting uncertainty for specular gloss
measurements. The uncertainty analysis described fol-
lows the guidelines given in reference 17. The NIST refer-
ence goniophotometer was designed so that the various
sources of uncertainty were minimized and the residual
uncertainties were characterized to produce specular gloss
with a minimum relative expanded uncertainty (k = 2) of
0.3%.

The specular gloss of a test sample is not measured
directly. In fact, specular glossis determined from quanti-
ties such as incident and reflected fluxes through the
measurementequation. Ingeneral, the value ofameasurand,
y,isobtained from n other quantities x;through a functional
relation, f, given by

yzf(XI/XZ/"'/Xir"'an) (6)
The standard uncertainty of an input quantity is the
estimated standard deviation associated with this quan-
tity and is denoted by u(x;). The standard uncertainties are
classified by the effect of their source and the method of
evaluation. The effect is either random or systematic. The
method of evaluation is either Type A, which is based on
statistical analysis, or Type B, which is based on other
means. Therelative standard uncertainty is givenby u(x;)/
xi. The relative combined standard uncertainty u.(y) is
givenby the root-sum-square of the standard uncertainties
associated with each quantity x; assuming that these
uncertainties are uncorrelated for multiplicative functional
relationships. Themathematical expression for therelative
combined standard uncertainty is

2
(1 of
ui(y)/y* =Z’(;3_X1J u?(x;) @)

where (1/y)(df/ dx;) is the relative sensitivity coefficient.
The expanded uncertainty Uis givenby k-u«(y), where kis
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Table 5—Correction Factors for Deviations from the Standard Recommen-
dations of an Unpolarized Source, a Perfectly Collimated Incident Beam,
Nominal Incident Angle of 20, 60, and 85°, and Spectral Conditions

gence of thesource. The sourcestability resultsin
anuncertainty from arandom effectwitha Type

Correction Factors

A evaluation. Therelative standard uncertainty
due to instability of the source is 0.001% for a

Deviation 20° 60°

85° measurement time of 10 min. The uncertainty

arising from the polarization of the source is a

Source-polarizer, Cp .....c...... 0.999890 1.000137 1.000222 systematic effect with a Type B evaluation and
SrfEeere Gmm BR 0IIE dpeiectmgpbeohoe
Nominal onlgl o o " (0.000006 0.990875 0.999940 rial. The correction factor for deviations from an
Spectral condition, Cs..... 1.000012 1.000006 0.999997 unP01ariZGd incidentbeam was calculated from

the coverage factor and is chosen on the basis of the desired
level of confidence to be associated with the interval de-
fined by U. For the purpose of this paper, k=2 willbe used,
which defines aninterval withalevel of confidence of 95%.

The components of uncertainty associated with gloss
measurements are divided into those arising from experi-
mentally measured quantities and those from deviations
from standard recommendations. The appropriate mea-
surementequation for the first caseis equation (A2) and for
the latter case equations (A8) to (A12) are applicable. The
resulting uncertainty from deviations from the standard
recommendations depends on the nature of the sample
under test and the primary standard. This uncertainty
analysis wasapplied to representative measurements of a
highly polished black glass as the test sample and to a
highly polished wedge of BaK50 as the primary standard.

The component of uncertainty arising from the specular
reflectance of the primary gloss standard is uncertainty in
therefractiveindex measurements. The uncertainties from
the refractive index measurements are a systematic effect
witha TypeBevaluation. Therelative uncertainty resulting
from the refractive index measurements is 0.1, 0.06, and
0.005% for the 20, 60, and 85° geometries, respectively.

The components of uncertainty arising from the source
areuncertainties from the stability, polarization, and diver-

Table 6a—Components of Uncertainty that Depend on the Scattering Properties of

the Materials and the Resulting Relative Standard Uncertainties®

equation (A9) using the degrees of polarization
determined in the previous section. The correc-
tion factors for the three standard geometries are listed in
Table 5. The uncertainty arising from divergence of the
source is a systematic effect with a Type B evaluation and
depends on the scattering properties of the material. The
correction factor for deviations from a perfectly collimated
incident beam was calculated from equation (A10) using
the divergence determined in the previous section. The
correction factors for the three standard geometries are
listed in Table 5.

The uncertainty arising from the goniometer are the
uncertainties of the angular scales. This uncertainty is a
systematiceffectwitha Type B evaluationand dependson
thescattering properties of the sample. The angular setting
uncertainty of 0.05°is smaller than the 0.1° recommended
accuracy by the ASTM D 523. The correction factors from
deviations of the nominal incident angle from equation
(A11)for thethreestandard geometries arelisted in Table5.

The components of uncertainty arising from the detec-
tion system are uncertainties from the digital voltmeter
(DVM), signal noise, amplifier gainratio, and photodiode
linearity. The uncertainty from the DVM is a systematic
effect with a Type B evaluation, assuming a normal prob-
ability distribution. Using the manufacturer’s specifica-
tions, the relative uncertainty resulting from the DVM is
0.002%. Signal noise of the instrument results in an uncer-
tainty from a random effect with a
Type A evaluation. A typical relative
standard deviation for a gloss mea-
surement is 0.01%. The uncertainties

Relative Standard Uncertainty (%)

arising from the photodiodelinearity
and the amplifier gain ratio are sys-

Component of Uncertainly  Effect Type 20° 60° 85° tematic effects with a Type A evalua-
Source-polarizer s 5 0.01 001 0.02 tion. The maximum relative standard
u - VA< S . . . . . . .
Source-depolarizer ............ S B 0.0001 0.0001 0.0005 d{sv1at10n fljom hr}earlty of the photo—
Source Divergence ............ S B 0.0001 0.02 0.0001 lede{ forsignalsinthe range of0.1to
Nominal angle ... S B 0.0004 0.01 0.006 12V, is 0.09%. The relative standard
Spectral condition............ S B 0.001 0.0006 0.0003 deviations for successive gain settings

(@) The values are based on a BaKs0 primary gloss standard and a hghly polished black glass test sample.

are listed in Table 4. The maximum

Table 6b—Components of Uncertainty that are Independent of the Scattering
Properties of the Materials and the Resulting Relative Standard Uncertainties

relative standard deviationis 0.002%.

The repeatability of the sample
positioning results in an uncertainty

from a random effect with a Type B

_ Relative standard uncertainty (%) evaluation. Assuming a rectangular
Component of Uncertainty Effect Type 20° 60° 85° prob ability distribution with a maxi-
Primary gloss standard ..........c........ S B 0.1 0.06 0.005 mum deviation of 0.2 gloss units, the
Source StaBIlity ..o, R A 0.01 relative standard uncertainty is 0.1%.
DVM o S B 0.002 Deviations from the spectral con-
SIgNAI NOISE . R A 0.01 diti . tant for 1 1
Photodiode lINearity ............cc.cco...... S A 0.09 11on are 1mportant ror low-gloss
Amplifier gain rafio ..., S A 0.002 materialswithstrong colors. The spec-
Repeatability ..., R B 0.1 tral conditions of the source and re-
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Table 7—Relative Expanded Uncertainties of Specular Gloss
Measured by the NIST Reference Goniophotometer (k = 2) for
the 20, 60, and 85° Geometries

Geometry (°) Relative Expanded Uncertainty (%)

ceptor arein close agreement with the recommended CIE
Standard Illuminant C and CIE 1931 2° luminous efficiency
function. The difference between the instrument and the
standard recommendations results in a systematic effect
witha Type B evaluation. The correction factors for devia-
tions from the standard recommendations for the three
standard geometries, from equation (A8), arelisted in Table
5.

Since all of the correction factors listed in Table 5 are
nearly unity, no correction factor is applied and the varia-
tions from unity are considered to be uncertainties. The
relative standard uncertainty from each component of
uncertainty is listed in Tables 6a and 6b for sample-depen-
dent and —independent components, respectively. The
relative expanded uncertainties given in Table 7 are calcu-
lated from the root-sum-square of the uncertaintieslisted in
Tables 6aand 6b. The ISO 2813 standard specifies that gloss
should bereported to thenearest full gloss unit. Therefore,
the calibration of the reference instrument and primary
standard should have an uncertainty of less than one gloss
unit. The NIST reference goniophotometer hasanexpanded
(k =2) relative uncertainty of 0.3% for calibrating a highly
polished black glass. If the specular gloss of successive
measurements on the same sample doesnotagree towithin
0.3%, the instrument is assumed to have failed during the
measurements and the sample is measured again.

CONCLUSIONS

The appearance attributes of surfaces indicate the accept-
ability and quality of a large number of manufactured
products. Specular gloss is the second most utilized at-
tribute, after color, toevaluate products such asautomotive
coatings, textiles,and papers. Thereference goniophotometer
described in this paper complies with the standard recom-
mendations forspecular glossat20, 60, and 85° geometries
fornonmetallic paintsamples from low tohigh glosslevels,
asdescribed in the ISO 2813 and ASTM D 523 documentary
standards. Inaddition, thisreference instrumentis capable
of performingbi-directional reflectance and transmission
measurements atangles from 0to 85° forbothincidentand
viewing angles in compliance with the ASTM E 167 docu-
mentary standard. This instrument has been carefully
characterized and calibrated to ensure proper operation
and to verify agreement with the standard recommenda-
tions. Therelative expanded uncertainty (k=2) of the NIST
goniophotometer for specular gloss is 0.3% at all three
standard geometries. The accuracy of specular gloss mea-
surements dependsnotonly on the properties of the instru-
ment but also to a considerable extent on those of the
primary gloss standard. A new primary gloss standard
was developed at NIST and details on this standard char-

NIST Reference Goniophotometer

acterization are the subject of another paper.! The new
gloss standard and the NIST reference goniophotometer
provide an accurate calibration facility for specular gloss.
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= APPENDIX A: DERIVATION OF =
MEASUREMENTEQUATION

The experimentally measured quantity is the ratio of the
luminous fluxes reflected from the testsample and primary
standard, @y, and Py, s, respectively,

pv,t(e()) _ q>v,s,i . (Dv,t,r _ q>v,s,i Rs Nt A

pv,s(e()) (I)v,t,i cI)v,s,r_cl)v,t,i Rt Ns Xt (A]')

where R is the responsivity of the receptor, N is the mea-
sured signal, A is the amplifier gain factor, and the sub-
scripts s and t denote standard and test sample, respec-
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tively. Therefore, combining equations (3) and (A1), the
specular gloss of a test sample in terms of the measured
quantities reduces to

G,(6,)= 100.—.— ..... = (A2

The stability of the incident ﬂux and responsivity are
determined from the characterization of the instrument.

In terms of spectral and geometrical quantities, the
luminous reflectance py of a sample at a nominal angle 6y
is given by

Zj'de J' L-S(6,1,0)-p(6,1,5)- V(6,,0)

ZJ dej dn-S0,1,0)-V(O,h0) (B3

pv(eo):

where S is the incident spectral flux distribution, V is the
relative response function, and p is the reflectance of the
sample. These variables depend on the angle of incidence
6wavelength A and polarization ¢ of theincidentbeam. In
practice, theluminous reflectances of the standard and test
sample are not measured separately. Rather, the ratio of
these reflectances is measured and is given by

de | dr-S(8,),6)-p,(0,1,0)-V(6,A,0)
pvt(eo) ‘[ ‘[

pv 5(90

j 46 j dL-5(8,%,6)-p.(0,%,6)-V(8,1,5) (Ad)

Then, the specular gloss of a test sample is given by

ZJ‘dGJ‘dNS(G,k,Gypt(e,k,c)-V(G,k,c)

(8,2 )
G, (8,) =100 L0
’ Po®o ) Y J‘dej.dk-S(e,x,c)-ps(G,k,G)V(e,hG) (A5)

Following the standard recommendations, the incident
spectral flux distribution S(A) is specified to be CIE Stan-
dard [lluminant C Sc(A) and the relative response function
V(A) is specified to be the CIE 1931 2° observer spectral
luminous efficiency function VA. In addition, the incident
beam oflightis specified tobe collimated and unpolarized
at a nominal incident angle 8o. The specular gloss of the
sample under test for the ideal case is given by

Gy 14(8,) =100 ps(eoﬂhp).de'sc(%)'m(eo,k)vk(x)
pU(GOIXD) J‘d?\,sc(}u)ps(eolk)vk(x)

(A6)

Deviations of the reference instrument from the ideal
case include deviations from the specified spectral flux
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distribution of the source, spectral responsivity of the
receptor, unpolarized and perfectly collimated incident
beam, and nominal incident angle. The correction factors
for the specular gloss of the sample under test as deter-
mined with the reference instrument are obtained using
equations (A5) and (A6). The correction factors are theratio
of the specular gloss for the ideal case to the specular gloss
for the reference instrument

_ Guu(®y)
G,(6y) (A7)

The correction factor for deviations from the ideal spectral
flux distribution is given by

[05c0-0.0, MV, [1-509-9.002- V0
[ee5000.@,2%,0) [050)-p.0, 2 V)

The correction factor for deviations from an unpolarized
incident beam is given by

[nsc0-p 600, Zf -Sc0)-p:60, A 0)-Vi(2)

" [@scoreenve zjdx 50,000, 1,0, (A%

(A8)

The correction factor for deviations from a perfectly colli-
mated incident beam is given by

J.ﬂl?L ScA)-p;(8y,1)- Vo(h) J‘dej.dl Sc(6,4)-p,(8,1)- Vi (M)
fdl ScM)-ps(89,4)- Vi () fde.[dl Sc(6,4)-p,(6,4)-V, (1)

A10)

The correction factor for deviations from the nominal inci-
dent angle is given by

Jarscarp v Janscmypemvio)
JinSc-p.0, 1)V, [dh-Sc-p,8,00- V30

Therefore, the specular gloss for the ideal case in terms of
the correction factors is given by

Gf,id(eo):Gt 'Cs 'Cp 'Cd 'Ca (A12)
The final measurementequation, including the correction
factors and the experimentally measured quantities, is
givenby

(A11)

P (8. Ap) Posi Ri N, A
(89) =100 LR, Jest De T Be €€, €, €,
GO =100 @) @, R, N, A, Co (A1)



