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original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilon (´) indicates an editorial change since the last revision or reapproval.

INTRODUCTION

Surfaces that exhibit different colors depending on the angles of illumination or sensing are said to
be “gonioapparent.” Colorimetric values of reflecting gonioapparent materials are derived from
spectrometric (narrow band) or colorimetric (broad band) measurements of reflectance factor, at
various aspecular angles. When using spectral values, tristimulus values are computed using the CIE
Standard Observer and the spectrum of the illuminant, as described in Practice E308. This test method,
E2194, specifies the measurement of color observed at various aspecular angles.

1. Scope

1.1 This test method covers the instrumental requirements,
standardization procedures, material standards, and parameters
needed to make precise instrumental measurements of the
colors of gonioapparent materials. This test method is designed
to encompass gonioapparent materials; such as, automotive
coatings, paints, plastics, and inks.

1.2 This test method addresses measurement of materials
containing metal flake and pigments. The measurement of
materials containing metal flakes requires three angles of
measurement to characterize the colors of the specimen. The
optical characteristics of materials containing pearlescent and
interference materials are not covered by this test method.

NOTE 1—Data taken by utilizing this test method are for gonio-
appearance quality control purposes. This procedure may not necessarily
supply appropriate data for spatial-appearance or pigment identification.

1.3 The values stated in SI units are to be regarded as
standard. The values given in parentheses are for information
only.

1.4 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use.

1.5 This international standard was developed in accor-
dance with internationally recognized principles on standard-

ization established in the Decision on Principles for the
Development of International Standards, Guides and Recom-
mendations issued by the World Trade Organization Technical
Barriers to Trade (TBT) Committee.

2. Referenced Documents

2.1 ASTM Standards:2

E284 Terminology of Appearance
E308 Practice for Computing the Colors of Objects by Using

the CIE System
E805 Practice for Identification of Instrumental Methods of

Color or Color-Difference Measurement of Materials
E1345 Practice for Reducing the Effect of Variability of

Color Measurement by Use of Multiple Measurements
E1708 Practice for Electronic Interchange of Color and

Appearance Data
E2539 Test Method for Multiangle Color Measurement of

Interference Pigments
2.2 CIE Document:3

Publication No. 15 Colorimetry
2.3 NIST (NBS) Publication:4

LC-1017 Standards for Checking the Calibration of Spectro-
photometers

1 This test method is under the jurisdiction of ASTM Committee E12 on Color
and Appearance and is the direct responsibility of Subcommittee E12.12 on
Gonioapparent Color.
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2.4 ISO Publication:5

ISO International Vocabulary of Basic and General Terms in
Metrology (VIM)

3. Terminology

3.1 Terms and definitions in Terminology E284 are appli-
cable to this test method. See Section “Specialized Terminol-
ogy on Gonioapparent Phenomena.”

3.2 Definitions:
3.2.1 Usually the term metallic refers to a metal material.

However, this standard employs the alternative definition given
in Terminology E284 as:

3.2.2 metallic, adj—pertaining to the appearance of a gonio-
apparent material containing metal flakes.

3.3 Definitions of metrology terms in ISO International
Vocabulary of Basic and General Terms in Metrology (VIM)
are applicable to this test method.

4. Summary of Test Method

4.1 This test method describes the procedures for the
spectrometric and colorimetric measurement of metal flake
pigmented materials. The results are reported in terms of CIE
tristimulus values and other color coordinate systems. Stan-
dardization of the instrument used to measure these materials is
defined. Guidelines are given for the selection of specimens
and a measurement protocol given. Characterization of these
materials requires measurement at a near-specular angle, a
mid-specular angle and a far-specular angle. These preferred
aspecular angles are 15°, 45°, and 110°.

5. Significance and Use

5.1 Instrumental Measurement Angles—This test method is
designed to provide color data at specific measurement angles
that can be utilized for quality control, color matching, and
formulating in the characterization of metal flake pigmented
materials.

5.2 Materials—This test method provides meaningful color
information for metal flake pigmented materials. This test
method has been tested and verified on paint and coatings, and
the same principles should apply to plastics containing metallic
flake. For materials containing pearlescent materials refer to
Test Method E2539.

5.3 Utilization—This test method is appropriate for mea-
surement and characterization of metal flake pigmented mate-
rials. These data may be used for quality control, incoming
inspection, or color correction purposes.

5.4 Specimen Requirements—Even though a pair of speci-
mens have the same color values at three angles, if there are
differences in gloss, orange peel, texture, or flake orientation,
they may not be a visual match.

NOTE 2—Information presented in this test method is based upon data
taken on metallic materials coatings. Applicability of this test method to
other materials should be confirmed by the user.

6. Apparatus

6.1 Instrument—This test method requires measurement at
multiple aspecular angles, usually accomplished by the use of
a multiangle spectrometer as specified in this test method to
characterize metal flake pigmented materials. Measurement
with a single geometry cannot characterize the gonioappear-
ance of these materials.

6.2 Standardization—A standardization plaque with as-
signed spectral reflectance factor or tristimulus values traceable
to a national standardizing laboratory for each specified as-
pecular angle is required to standardize the instrument. The
instrument manufacturer typically assigns the values to this
plaque.

7. Geometric Conditions

7.1 Conventional Color Measurement—In general purpose
colorimetry, the common geometry involves illuminating at
45° and sensing at 0°. This geometry is designated 45:0 (45/0).
Reverse geometry has the illumination at 0° and the sensing at
45°. That is, the illuminator and sensing geometries are
interchanged. This reciprocal geometry is designated 0:45
(0/45). Either geometry is used.

7.1.1 A single bi-directional geometry is specified by illu-
mination and sensing angles with respect to the normal of the
plane of the specimen. Angles are measured relative to the
normal. Angles on the same side of the normal as the
illumination beam are written as positive angles; those on the
other side are shown as negative, as shown in Fig. 1.

7.2 Multiangle Uniplanar Measurement—The color of me-
tallic materials specimens varies with the angle of view. Thus
measurements must be taken at more than one aspecular angle
to characterize the change of color with angle. The measure-
ment geometry for multiangle measurements is specified by
aspecular angles. The aspecular angle is the viewing angle
measured from the specular direction, in the illuminator plane
unless otherwise specified. The angle is considered positive
when measured from the specular direction towards the illu-
minator axis. Thus, if the specimen is illuminated at 45° to the
normal the specular reflection will be at -45° (See Fig. 1).
Sensing at 65° from the normal, and on the same side of normal
as the illumination, is sensing 110° away from the specular

5 ISO/IDE/OIML/BIPM, International Vocabulary of Basic and General Terms in
Metrology, International Organization for Standardization, Geneva Switzerland,
1984.

NOTE 1—Anormal illumination angle = 45° and anormal sensing
angle = 65°; therefore, aspecular angle = 45 + 65 = 110°.

FIG. 1 Example of Illuminating and Sensing Geometry
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direction; that is an aspecular angle of 110°. Thus, the
aspecular angle is the sum of the anormal illumination and
sensing angles. It has been established that for metallic
materials or colors, a specific aspecular angle gives the same
measurement regardless of angle of illumination.

7.3 Annular and Circumferential Geometry—Annular illu-
mination provides incident light to a specimen at all azimuthal
angles. This type of illumination minimizes the contribution
from directional effects such as the venetian blind effect and
surface irregularities. Circumferential illumination is an ap-
proximation to annular illumination, incident light being pro-
vided from a discrete number of representative azimuthal
angles. A large number or an odd number of illumination
sources more closely approximates annular illumination. An-
nular or circumferential illumination minimizes directional
effects. Therefore, measurements with annular or circumferen-
tial illumination may or may not correlate with how that
specimen appears under directional illumination. For example,
this system averaging may cause the measured color values of
two specimens to be the same or similar, even though these
same two specimens would not match visually due to the fact
that one specimen exhibits the venetian blind effect.

7.4 Recommended Geometry—The instrument shall con-
form to the following geometric requirements for measurement
of reflectance factor unless otherwise agreed upon between the
buyer and the seller. The preferred aspecular angles for
measurement are 15°, 45°, and 110°.

NOTE 3—Given a geometric configuration, the reverse geometry is
considered equivalent, if all other components of the instrument design are
equivalent; for example, in the example shown in Fig. 1, the same result
would be obtained with the illumination angle at 65° and the sensing angle
at 45°. The aspecular angle would still be 110°.

NOTE 4—Measurement angles below are stated in terms of aspecular
angles. It has been established that for metallic materials colors, a specific
aspecular angle gives the same measurement regardless of angle of
illumination. For pearlescent materials, it is known that color is also a
function of angle of illumination. The importance of this phenomenon in
measurement of pearlescent and interference materials for color difference
for quality control or color correction purposes has not been established.

NOTE 5—Uniplanar instruments can measure the venetian blind effect.
Circumferential and annular illumination will not quantify this gonioap-
parent effect.

NOTE 6—There are instruments commercially available with uniplanar,
multiangle geometries that give results that characterize gonioapparent
materials. These instruments will detect the venetian blind effect and other
anomalies. Table 1 delineates the preferred angles. Note that circumfer-
ential geometry is limited to <90° aspecular angle. With the variety of
instrumentation in common usage, it is incumbent upon the user to
determine if an instrument with angles other than the preferred angles is
appropriate in their application. Fig. 2

7.4.1 Near Specular Angle—The near specular angle used
should be as close to the specular direction as possible, without
detecting specular light. Surface imperfections can cause light

to be reflected in a direction slightly away from the nominal
specular direction. Measurement at 15° from the specular
minimizes the effects of surface imperfections encountered in
most practical industrial specimens. Differences in surface
texture may result from spray application differences which
can cause flake orientation differences. Measurement at 20° or
25° from specular may be chosen when less sensitivity to
application differences between standard and batch is desired.
In critical color matching applications, batches should be
resampled and resprayed to eliminate surface differences and
measurements shall be performed at 15°.6

7.4.2 Mid-specular Angle—The mid-specular color mea-
surement shall be at an aspecular angle of 45° conforming to
the geometrical specifications of CIE 15:2004.

7.4.3 Far-specular Angle—Visual observation of color dif-
ferences in a few cases detects sidetone scattering better at
angles further away from specular; hence, 110° is the preferred
aspecular angle for far-specular measurement. In most but not
all cases, angles down to 70° give acceptable results.
(Warning—Visual assessments of gonioapparent matches
typically cover a wide range of aspecular angles, from very
near specular, all the way to far-specular angles of 110° or even
higher. Therefore, instrumental measurement at far-specular
angles below 110° may occasionally result in measurements
not agreeing with typical visual assessments. This will occur
when specimens are an acceptable visual and instrumental
match at angles such as 75° but unacceptable at 110°.)

7.4.4 Illuminating and Sensing Beam Aperture Angles—The
illuminating beam aperture angle and the sensing beam aper-
ture angle must be less than 8°.

8. Test Specimen

8.1 Measured values depend on the quality of the test
specimens. The specimens must be statistically representative
of the lot being tested and should meet the requirements listed
below. If the specimens do not meet these requirements,
include this information in Section 13.

8.2 Specimen Handling—Handle the specimens carefully.
Touch them by their edges only. Never lay the measurement

6 Rodrigues, Allen, B. J., Measurement of metallic and pearlescent colors, Die
Farbe 37, pp. 65-78 (1990).

TABLE 1 Preferred Angles

Uniplanar Angle Preferred Angle

Near specular 15°
Mid-specular angle 45°
Far-specular angle 110°

NOTE 1—Other geometries in common usage are: 25°, 70°, or 75°.

NOTE 1—Solid lines indicate preferred angles.
FIG. 2 Diagram of Aspecular Angles
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surface of the specimen down on another surface or stack
specimens without a protective medium as recommended by
the provider.

8.3 Specimen Cleaning—If necessary, clean the specimens
following the providers’ cleaning procedure.

8.4 Specimen Conditioning—Allow specimens to stabilize
in the measurement environment for a period of 4 or more
hours before measurement, unless a different time period is
agreed to by the parties concerned. Instrument heating may
induce the effect of specimen thermochromism.

8.5 Specimen Physical Requirements:
8.5.1 The test specimen shall be 8 × 8 cm (approximately 3

× 3 in.) minimum.

NOTE 7—The recommendation for specimen size corresponds to the
physical size required for observation by the CIE 1964 Supplemental
Observer (10°). The specimen must subtend >10° when being observed.
This observation usually occurs at approximately 45 cm (17.7 in.) from
the eye. This specimen size is well suited for instrumental measurement
and visual assessment.

8.5.2 The surface of the specimen to be measured should be
essentially planar.

8.6 Specimen Optical Requirements:
8.6.1 Uniformity—Reference specimens and test specimens

should be uniform in color and appearance when viewed in a
lighting booth. They must be similar in appearance to make
meaningful observations. There should be no appearance of
mottling or banding in the specimens.

8.6.2 Gloss—Specimens should be uniform and similar in
gloss when viewed in a lighting booth.

8.6.3 Surface Texture—The standard and batch being com-
pared should have substantially similar surface textures. Or-
ange peel is a common example of surface texture.

8.6.4 Specimen Flake Distribution—Examine the specimens
to ensure that they have similar flake size and distribution.
Dissimilar flake distributions will cause results to vary signifi-
cantly.

8.6.5 Orientation—Consistent orientation of the specimen
for presentation to the measuring instrument must be controlled
for repeatable measurements. This is necessary to minimize
errors due to indiscriminate matching of the directionality of
the specimen to that of the instrument.

9. Instrument Standardization

9.1 Standardization is essential to ensure that spectrometric
or tristimulus measurements with minimum bias are reported.
For the measurement of reflectance factor, two standardizations
are required, namely,

9.1.1 Optical Zero (0) Level Standardization—To verify the
optical zero, the instrument manufacturer normally supplies a
highly polished black glass or a black trap that has an assigned
reflectance factor value.

9.1.2 Full Scale Standardization—To standardize the instru-
ment relative to the perfect reflecting diffuser, the instrument
manufacturer should provide a standardization plaque with
multiangle calibration traceable to a standardizing laboratory.

9.1.3 Photometric Scale Validation—To ascertain proper
standardization, measure a reference plaque immediately after

the standardization sequence and validate that the measured
values agree with the assigned values within 0.05 reflectance
unit.

9.1.4 Discussion—Typically a neutral gray of >50 % reflec-
tance is used for this purpose.

10. Instrumental Performance Verification

10.1 The use of validation standards to verify spectrometric
performance of an instrument is recommended. These stan-
dards are readily available from multiple sources. The instru-
ment user must assume responsibility for obtaining these
standards and their appropriate use. See NIST LC-1017 for
further discussion.

10.2 It is recommended that a user measure a durable
gonioapparent specimen over time, recording and comparing
values to ascertain proper instrument performance.

11. Measurement Procedure

11.1 Select Measurement Variables—Select and validate the
instrumental configuration before measurement.

11.1.1 Select the desired illuminating and sensing geom-
etries. See Section 6 for definition of angles when measuring
gonioapparent materials.

11.1.2 Select the desired observer.
11.1.3 Select the desired illuminant.
11.1.4 Select the desired colorimetric space, for example,

CIELAB.

11.2 Variation in measurements of gonioapparent materials
is largely due to inherent non-uniformity of these materials. To
obtain reproducible results, use large specimen areas that are
>490 mm2. These results can be achieved by a single measure-
ment with a sampling aperture diameter >25 mm, or by
averaging multiple readings taken with a smaller aperture.
Refer to Practice E1345 for a description of averaging practice.

11.3 Measure the specimen(s) in accordance with the manu-
facturer’s instructions.

12. Calculations

12.1 Using spectral data obtained by measuring the
specimen, compute the CIE colorimetric values in accordance
with the practice specified in Practice E308. Report data using
the practices as specified in Practice E805 and Section 13 of
this test method.

12.2 Colorimetric Measured Data—Output the CIELAB
values directly.

13. Report

13.1 It is recommended that the data be submitted for the
test report in electronic form (see Practice E1708); however,
written data is acceptable.

13.2 The report of the measurement should include the
minimum reporting requirements or the recommended report-
ing requirements. These requirements are presented in Table 2.

14. Precision and Bias

14.1 The data on repeatability given below are based on one
instrument that should be representative of those commercially
available.
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14.2 Repeatability:
14.2.1 Values in Tables 3-5 listed for White Opal Glass are

based on 30 measurements of one white opal-glass specimen
typically used to standardize color-measuring instruments. The
specimen was not moved during the 30 measurements. The
CIELAB color coordinates were calculated using Illuminant
D65 and the 1931 Standard 2° Observer. The CIELAB color
difference equation was used to determine the color differences
from the mean of the 30 measurements.

14.2.2 Values for metallic materials specimens in Tables 3-5
are based on ten measurements on each of 19 specimens
containing metallic flake pigments. These specimens are
sprayed, metallic materials panels prepared as control speci-
mens. Each of the 19 specimens was measured once to make
up one set of measurements. This was repeated ten times to
produce ten sets of measurements. The CIELAB color coordi-
nates were calculated using Illuminant D65 and the 1931
Standard 2° Observer. The CIELAB color difference equation
was used to determine the color differences from the mean of
the ten measurements.

14.3 Bias—Absolute bias values do not apply to this test
method since no acceptable standards exist. Relative bias
values between instruments or instrument types have not been
determined.

15. Keywords

15.1 aspecular angle; automotive finishes; far-specular
angle; gonioapparent; metal flake; metallic materials; metallic
materials paint; mid-specular angle; multiangle spectropho-
tometer; pearlescent materials

TABLE 2 Reporting Requirements

Function Required Recommended

Logistic Data
Test Operator U

Date of Test U

Location of Test U

Time of Test U

Temperature and Relative Humidity U

Specimen Description
Type and Identification U

Date of Manufacture U

Method of Specimen Preparation U

Date of Specimen Preparation U

Specimen orientation during measurement U

Any changes that occurred to the specimen as
a result of the measurement process

U

Any relevant observations by the measurement
technician

U

Instrument Parameters
Instrument Identification U

Instrument Manufacturer U

Model Designation U

Serial Number U

Instrument Configuration U

Observer U

Illuminant U

Color Scale U

Index U

Instrument Geometry U

Near Specular Angle U

Mid-specular (45:0) Angle U

Far-specular Angle U

Instrument Spectral Parameters U

Wavelength Range U

Wavelength Interval U

Spectral Bandpass U

Standardization U

Full Scale Standardization Plaque U

Time and date of last Standardization U

Specimen Data
Spectral Data for each angle of measurement
as

a function of wavelength. (Note that this
is not applicable for spectrocolorimeters
or colorimeters.)

U

Colorimetric tristimulus data for each
designated

angle of measurement.

U

TABLE 3 Repeatability for an Aspecular Angle of 15° (Near Specular Angle)

NOTE 1—The values marked with the U were obtained without replacement and are not representative of values obtained when measuring
gonioapparent materials with or without replacement.

Specimen
L* a* b*

MCDM
Maximum

Mean Std. Dev. Mean Std. Dev. Mean Std. Dev. ∆E

UWhite Opal Glass 95.99 0.05 0.01 0.03 0.00 0.03 0.03 0.07
Metallic 1 57.18 0.05 -45.67 0.06 -33.71 0.03 0.07 0.13
Metallic 2 53.28 0.07 -42.90 0.07 -32.81 0.03 0.08 0.20
Metallic 3 73.23 0.08 28.95 0.03 33.42 0.07 0.10 0.17
Metallic 4 81.16 0.14 30.56 0.07 37.04 0.10 0.16 0.28
Metallic 5 34.66 0.10 -1.24 0.03 -14.72 0.05 0.10 0.19
Metallic 6 34.56 0.07 -1.15 0.03 -15.13 0.06 0.09 0.12
Metallic 7 43.76 0.05 19.82 0.03 15.87 0.10 0.09 0.21
Metallic 8 45.07 0.02 19.44 0.05 14.85 0.04 0.06 0.10
Metallic 9 71.93 0.09 46.82 0.04 46.36 0.08 0.11 0.19
Metallic 10 70.30 0.06 44.57 0.04 43.85 0.10 0.07 0.25
Metallic 11 103.67 0.07 15.10 0.04 49.86 0.10 0.11 0.17
Metallic 12 102.73 0.11 15.24 0.03 49.46 0.06 0.12 0.23
Metallic 13 82.87 0.03 0.69 0.04 -9.74 0.07 0.07 0.16
Metallic 14 85.55 0.06 0.67 0.05 -10.78 0.11 0.11 0.25
Metallic 15 109.19 0.13 -3.36 0.13 -12.07 0.08 0.18 0.35
Metallic 16 108.59 0.11 -3.48 0.11 -12.54 0.07 0.13 0.36
Metallic 17 43.94 0.10 49.57 0.12 21.80 0.08 0.15 0.35
Metallic 18 47.66 0.11 53.28 0.11 23.88 0.06 0.15 0.24
Metallic 19 130.55 0.10 -0.46 0.05 2.35 0.06 0.11 0.20
Combined Metallics 0.10 0.06 0.07 0.11
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TABLE 4 Repeatability for an Aspecular Angle of 45° (Mid-specular Angle)

NOTE 1—The values marked with the U were obtained without replacement and are not representative of values obtained when measuring
gonioapparent materials with or without replacement.

Specimen
L* a* b*

MCDM
Maximum

Mean Std. Dev. Mean Std. Dev. Mean Std. Dev. ∆E

UWhite Opal Glass 96.02 0.06 0.01 0.03 0.01 0.03 0.03 0.08
Metallic 1 22.61 0.05 -17.64 0.03 -24.18 0.03 0.05 0.09
Metallic 2 21.74 0.04 -17.65 0.05 -24.10 0.02 0.06 0.11
Metallic 3 42.52 0.05 26.06 0.03 27.70 0.04 0.06 0.10
Metallic 4 39.74 0.05 22.74 0.03 24.75 0.05 0.07 0.13
Metallic 5 7.01 0.05 2.29 0.05 -7.43 0.07 0.09 0.14
Metallic 6 6.85 0.04 2.39 0.06 -7.77 0.04 0.07 0.12
Metallic 7 24.55 0.03 9.19 0.03 5.44 0.02 0.04 0.09
Metallic 8 26.40 0.03 10.94 0.03 3.33 0.02 0.04 0.08
Metallic 9 28.19 0.04 24.29 0.02 22.89 0.05 0.06 0.09
Metallic 10 31.04 0.06 25.64 0.04 24.37 0.04 0.02 0.11
Metallic 11 53.08 0.06 10.33 0.02 30.18 0.05 0.07 0.14
Metallic 12 52.33 0.05 10.52 0.02 30.11 0.04 0.06 0.11
Metallic 13 46.19 0.04 -0.33 0.03 -2.46 0.03 0.05 0.10
Metallic 14 46.36 0.05 -0.28 0.02 -1.99 0.04 0.05 0.14
Metallic 15 49.19 0.03 -0.93 0.03 -10.83 0.04 0.05 0.12
Metallic 16 48.51 0.05 -0.93 0.03 -11.06 0.03 0.05 0.12
Metallic 17 19.32 0.06 31.08 0.12 15.59 0.10 0.12 0.43
Metallic 18 20.14 0.06 31.53 0.06 15.71 0.08 0.10 0.21
Metallic 19 64.91 0.07 -0.31 0.03 -0.89 0.04 0.08 0.12
Combined Metallics 0.07 0.04 0.04 0.06

TABLE 5 Repeatability for an Aspecular Angle of 110° (Far-specular Angle)

NOTE 1—The values marked with the U were obtained without replacement and are not representative of values obtained when measuring
gonioapparent materials with or without replacement.

Specimen
L* a* b*

MCDM
Maximum

Mean Std. Dev. Mean Std. Dev. Mean Std. Dev. ∆E

UWhite Opal Glass 95.99 0.06 0.01 0.03 0.00 0.04 0.04 0.08
Metallic 1 6.12 0.05 -0.59 0.08 -16.13 0.10 0.12 0.20
Metallic 2 6.47 0.07 -1.13 0.10 -16.67 0.07 0.12 0.20
Metallic 3 20.19 0.04 22.28 0.07 19.83 0.09 0.11 0.16
Metallic 4 20.20 0.05 20.43 0.08 17.13 0.06 0.10 0.16
Metallic 5 3.36 0.05 2.14 0.05 -2.62 0.07 0.09 0.16
Metallic 6 3.29 0.03 2.19 0.06 -2.94 0.06 0.08 0.13
Metallic 7 14.25 0.03 3.47 0.05 2.34 0.06 0.08 0.12
Metallic 8 14.82 0.04 3.78 0.05 -1.44 0.05 0.07 0.16
Metallic 9 12.94 0.04 16.79 0.05 13.74 0.07 0.09 0.14
Metallic 10 12.30 0.05 16.56 0.06 13.08 0.06 0.02 0.14
Metallic 11 28.73 0.04 10.84 0.03 21.84 0.05 0.06 0.10
Metallic 12 28.71 0.05 11.05 0.02 22.08 0.04 0.06 0.10
Metallic 13 19.70 0.05 0.27 0.04 -1.58 0.04 0.07 0.11
Metallic 14 19.77 0.09 0.29 0.03 -1.32 0.03 0.07 0.24
Metallic 15 20.21 0.13 0.54 0.03 -9.82 0.06 0.12 0.25
Metallic 16 19.75 0.04 0.59 0.03 -10.28 0.03 0.05 0.10
Metallic 17 10.06 0.21 22.64 0.31 10.74 0.12 0.28 0.94
Metallic 18 9.80 0.14 21.81 0.21 10.42 0.04 0.16 0.65
Metallic 19 35.56 0.07 -0.81 0.01 -1.41 0.03 0.07 0.14
Combined Metallics 0.07 0.07 0.06 0.09
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APPENDIXES

X1. INSTRUMENT OPTICAL DESIGN PARAMETERS

X1.1 Scope—This appendix contains information particu-
larly relevant to instrumentation manufacturers.

X1.2 Goals—The assumption is that if two multiangle color
measurement instruments have similar effective optical designs
and spectral bandpass that they will provide similar measure-
ments of optical properties of specimens. The geometrical
transfer function of the instrument optics should be validated
during the design process. The geometry validation method in
this test method uses a histogram of the aspecular angles that
occur in the multiangle instrument from a statistical sampling
of different illumination and scattered/reflected rays. This
method ensures that all instruments that meet these specifica-
tions will provide sufficiently similar measurements of the
optical properties of the specimens, while allowing some
design flexibility for the instruments and does not dictate a
single optical system design.

X1.3 Tolerances on Measurement Geometries:

X1.3.1 Illumination and Sensing—Instrumental measure-
ment of specimens entails illumination of a specimen and
sensing of light reflected at an aspecular angle. Illumination
and sensing may be collimated or non-collimated. The speci-
men may be under-illuminated or over-illuminated. The size of
the illuminator, sensor, and specimen; the distance between
them, and the uniformity of illumination and detection, result
in different distributions of actual aspecular angle at each of
nominal aspecular geometries.

X1.3.2 Ray Tracing—The following ray tracing procedure
should be used to determine if the effective aspecular angle
distribution of the instrument meets the specification in Table
X1.1. This ensures sufficiently similar color readings between
instruments differing in optical design. The procedure outlined
in X1.3.3 is meant to be sufficiently prescriptive to guide the
user of the procedure through the required steps while leaving
enough flexibility for the user to use the optical design tools
with which they are familiar. While the final aspecular angle
histograms may differ slightly depending on the details of the
implementation of the procedure, the specifications are suffi-
ciently broad to encompass this variation.

X1.3.2.1 Because of the 3-dimensional context of ray-
tracing over finite apertures, an aspecular angle is here defined
as cos-1(r · s), where r is the unit vector of a selected ray from
the incidence point on the specimen, s is the unit vector of the
corresponding specular ray, and · is the dot product. The
particular aspecular angle called out by the illuminator/viewer
geometry under test will be called the nominal aspecular
angle. Fig. X1.1 schematically shows a procedure for ray
tracing in 2-dimensional space. In actuality, we are dealing
with 3-dimensional space and all angles should be calculated in
3-dimensional space relative to the specimen surface.

X1.3.3 Procedure for each angle designation listed in Table
X1.1.

X1.3.3.1 Delimit on the specimen plane the intersection of
the illuminated area and the area seen by the sensor. This area
defines the sampling aperture.

X1.3.3.2 Calculate a minimum of Xmax, where Xmax >1000,
possible ray paths IxIx

' Sx
W (for X=1 to Xmax) from the light

source, through any beam-forming optics (if present) to the
sampling aperture. These ray paths should be statistically
representative of the illumination optics with respect to inten-
sity and 3D angular distribution.

X1.3.3.3 For X=1 to Xmax points Sx on the specimen and
each illumination ray path Ix

' Sx
W calculate the resulting specular

ray path SxSpx
W . (These specular ray paths will not be used to

generate rays, but are only computed to allow computation of
aspecular angles in X1.3.3.5.)

X1.3.3.4 For each point Sx on the specimen, where X=1 to
Xmax, calculate a minimum of Ymax, where Ymax>100, possible
ray paths SxDx ,y

' Dx ,y
W from the specimen, through any beam-

forming optics (if present) to the sensor element. These ray
paths should be statistically representative of the detection
optics with respect to intensity and 3D angular distribution.

X1.3.3.5 For each ray path SxDx ,y
'W from X1.3.3.4, calculate

the aspecular angle between ray path SxDx ,y
'W and the associated

specular ray path SxSpx
W .

X1.3.3.6 Steps X1.3.3.2 – X1.3.3.5 of this procedure will
result in an aspecular angle list containing Xmax × Ymax

elements.
X1.3.3.7 Plot a histogram of the aspecular angle list ele-

ments from steps X1.3.3.2 – X1.3.3.5 with the bin width equal
to 0.5° and the nominal aspecular angle at a bin boundary.

X1.3.3.8 The distribution in this histogram of all calculated
aspecular angle elements should satisfy the limits specified in
Table X1.1.

X1.3.4 It is recommended that the instrument manufacturers
disclose the histogram of the instrument and reference the
appropriated ASTM standard.

TABLE X1.1 Aspecular Angle Distribution

Angle Designation

Percentage of
Received

Rays Whose Aspecular
Angles are Within 0.5°

of
Nominal Aspecular

Angle

Maximum Deviation
from Nominal

Aspecular Angle

45°:-30° (as15) $13 % ±8°
45°:-20° (as25) $15 % ±8°
45°:0° (as45) $10 % ±8°
45°:30° (as75) $10 % ±10°
45°:65° (as110) $5 % ±20°
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(Nonmandatory Information)

X2. ADDITIONAL STANDARDS OF INTEREST

FIG. X1.1 Diagram of Ray Tracing Used to Calculate Effective Aspecular Angles and Their Distribution
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ASTM International takes no position respecting the validity of any patent rights asserted in connection with any item mentioned
in this standard. Users of this standard are expressly advised that determination of the validity of any such patent rights, and the risk
of infringement of such rights, are entirely their own responsibility.

This standard is subject to revision at any time by the responsible technical committee and must be reviewed every five years and
if not revised, either reapproved or withdrawn. Your comments are invited either for revision of this standard or for additional standards
and should be addressed to ASTM International Headquarters. Your comments will receive careful consideration at a meeting of the
responsible technical committee, which you may attend. If you feel that your comments have not received a fair hearing you should
make your views known to the ASTM Committee on Standards, at the address shown below.

This standard is copyrighted by ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959,
United States. Individual reprints (single or multiple copies) of this standard may be obtained by contacting ASTM at the above
address or at 610-832-9585 (phone), 610-832-9555 (fax), or service@astm.org (e-mail); or through the ASTM website
(www.astm.org). Permission rights to photocopy the standard may also be secured from the Copyright Clearance Center, 222
Rosewood Drive, Danvers, MA 01923, Tel: (978) 646-2600; http://www.copyright.com/

TABLE X2.1 Additional Standards of Interest

Item Publication Title

ASTM Standards
D2244A Practice for Calculation of Color Tolerances and Color Differences

from Instrumentally Measured Color Coordinates
E167A Practice for Goniophotometry of Objects and Materials
E275B Practice for Describing and Measuring Performance of Ultraviolet,

Visible, and Near-Infrared Spectrophotometers
E805A Practice for Identification of Instrumental Method of Color or Color-

Difference Measurements of Materials
E925B Practice for Monitoring the Calibration of Ultraviolet-Visible Spectro-

photometers whose Spectral Slit Width does not Exceed 2nm
E1164B Practice for Obtaining Spectrophotometric Data for Object-Color

Evaluation
E1347B Test Method for Color and Color-Difference Measurement by Tris-

timulus (Filter) Colorimetry
E1767A Practice for Specifying the Geometries of Observation and Measure-

ment to Characterize the Appearance of Materials
CIE DocumentsC

CIE Publication 38 Radiometric and Photometric Characteristics of Materials and Their
Measurement, 1977

CIE Publication 46 A Review of Publications on Properties and Reflection Values of Ma-
terial Reflection Standards, 1979

CIE Publication 051.2-1999 (with
Supplement 1-1999):

A Method for Assessing the Quality of Daylight Simulators for Colo-
rimetry

CIE Publication 116 Industrial Color Difference Evaluation, 1995
NIST (NBS) PublicationsD

SPIE Proceedings 45 Deg. 0 Deg. Bi-directional Distribution Function Standard
Development, Vol 1165, p. 1658, 1/89

Metrolgia 17 NBS 45 Deg/Normal Reflectometer for Absolute Reflectance Factor,
p. 97, 4/1/80

Dimensions Reflectance Properties of Pressed Tetrafluorethylene Powder, NBS,
7/1/80

J. Res. Spectrophotometric Standards, NBS, Vol 76A, 9/10/72
Dimensions Standardization for Measuring Color, p. 195, 9/1/74

NBS Tech Note Optical Radiation Measurements: Describing Spectrophotometric
Measurements, NBS, p. 574, 10/1/74

NBS White Opal Glass Diffusing Spectral Reflectance, SP 260-82, 4/1/83
Applied Optics NBS Specular Reflectometer—Spectrophotometer, Vol 8, p. 1268,

4/1/80
Applied Optics Laboratory Intercomparision Study of Pressed Polytrafluorethylene

Powder Reflectance Standards, Vol 24, p. 2225, 7/15/85
DIN StandardE

DIN 6175-2 Farbtoleranzen für Automobillackierungen Effektlackierungen, DIN
6175, Teil 2

AATCCF

Test Method 173 CMC Calculation of Small Color Differences for Acceptability
SAE StandardG

J1545 Instrumental Color Difference Measurement for Exterior Finishes,
Textiles, and Colored Trim

A Annual Book of ASTM Standards, Vol 06.01.
B Annual Book of ASTM Standards, Vol 03.06.
C Available through the U.S. National Committee of the CIE, http://cie-usnc.org or via the CIE Webshop http://www.techstreet.com/cie.
D Available from National Institute of Standards and Technology (NIST), 100 Bureau Dr., Stop 3460, Gaithersburg, MD 20899-3460.
E Available from Beuth Verlag GmbH (DIN-- DIN Deutsches Institut fur Normung e.V.), Burggrafenstrasse 6, 10787, Berlin, Germany.
F Available from American Association of Textile Chemists and Colorists (AATCC), One Davis Dr., P.O. Box 12215, Research Triangle Park, NC 27709-2215.
G SAE Handbook, SAE International, 400 Commonwealth Drive, Warrendale, PA 15096–0001.
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