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Observation and Measurement of 
the Appearance of Metallic 
Materials. Part I. Macro Appearance 

The use and characterization of metallic paints and plas- 
tics have been important, particularly in the automotive 
industry, throiighout the last halfof this century. The sci- 
eni$c concepts und terminology of this ,field are still 
evolving. The principal appearance characteristics of 
thm? materials. when viewed at a distance, are liister and 
goniochromism. Methods ojcharacterizing and measur- 
ing metallic siirfuces are bcing standardized by a com- 
mittee qf‘thedmericun Societjrfor Testing and Materials. 
N e ~ t  inslritmentat ion has been developed to provide con- 
trolled viewing conditions for judging these materials. 
Modern portable miilti-angle measuring instruments are 
eusy to operate and take measi.rrements very quickly. 
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INTRODUCTION 

The most popular exterior finish for automobiles is a 
coating containing metal-flake pigments in a nearly 
transparent resin. The metal flakes are minute, shiny, 
thin plates, which tend to lie parallel to the surface of 
the paint. Such pigments are also dispersed in plastics. 
Automotive applications are prominent, but these fi- 
nishes are used elsewhere, notably on sports equipment. 
These materials are commonly called “metallic” paints 
or plastics. Their appearance varies with the direction of 
illumination and viewing. 

As early as 1935, Packard Motor Company used paint, 
made by du Pont, containing fine metal-flake pigments. 
The paint also contained a large amount of titanium di- 
oxide, which scattered so much light that the flakes were 

(C 1996 John Wiley & Sons, Inc. 

292 CCC 0361-2317/96/040292-13 

almost hidden. In the late 1940s, the amount of titanium 
dioxide was reduced to make what would now be called 
“metallic paints” and these paints were generally intro- 
duced in the 1950s.‘ Edwards and Wray described metal 
pigments and their manufacture, in 1955.2 

By 1977, about 67% of all cars produced in the U.S.A. 
had metallic finis he^,^ by 1986 the number had risen to 
7070,~ and by 1987,80%. In Europe, they rose from 4.8% 
in 1970 to 54% in 1985.5 

This article describes ways of viewing and measuring 
the appearance of these materials, not the theory of light 
propagation used to predict a colorant formulation to 
match a given specimen. Colorant formulation is not 
treated, but some references provide an introduction to 
the literature.6-’6 Most of the discussion in the present 
article centers on paints, but is largely applicable to the 
appearance of plastics. Pearlescent pigments are similar 
to metal-flake pigments in some ways, but different in 
others, because they introduce an additional optical phe- 
nomenon, thin-film interference. They are not specifi- 
cally treated here, but the distinction may be academic, 
because metal and pearlescent pigments may be used to- 
gether and there are metal flakes treated to appear more 
like pearlescent flakes. Appearance terminology and the 
methods of measurement are applicable to all materials. 

This article, Part I, pertains to the appearance of these 
materials viewed from a distance of a few meters-what 
I call the “macro appearance.” When they are viewed at 
reading distance, about 250 mm, with directional illumi- 
nation, the individual flakes may become apparent. That 
is what I call the “micro appearance,” the subject of a 
planned subsequent Part I1 of this article. 

GENERAL TERMlNOLOGY 

The terminology of this field is still evolving. The re- 
finement of terminology serves science by clarifying con- 
cepts and identifying qualities to be described and quan- 
tities to be measured. 
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Metallic finishes have an appearance that automotive 
stylists sometimes call “glamour.” The peculiar appear- 
ances produced by metal-flake pigments are loosely 
called “effects” and the pigments are called “effect pig- 
ments.” These catch-all terms are too vague and broadly 
inclusive for a phenomenon of such commercial impor- 
tance and scientific interest. 

The term “metallic,” meaning “of, relating to, or be- 
ing a metal,” ’’ is appropriately applied to metallic pig- 
ments. but, when it is applied to paints or plastics, it 
causes confusion even in the field of appearance. I sub- 
scribed to an abstract retrieval service to keep abreast of 
developments in “metallic paints” and was inundated by 
abstracts describing paints to coat metals. When Hunter 
announced the Dori-Gon Glossmeter “. . . designed 
for evaluating metallic and high-gloss finishes,” the term 
“metallic” was used in the dictionary sense.” Christie 
published an article on “An instrument for the geometric 
attributes of metallic appearance,” where he discussed 
the appearance of metals.’’ The American Society for 
Testing and Materials ( ASTM) lists hundreds of publi- 
cations under the heading “Metals and metallic materi- 
als,” practically all of which pertain to metals.20 In 
Hunter and Harold’s book, TheMeusurement ofAppeur- 
uncr, the word “metallic” is almost always used in the 
dictionary sense.” 1 would prefer the more explicit term 
“metal-flake” for precise technical discourse, particu- 
larly in a context in which there may be ambiguity, but 
the term ‘‘metallic’’ is so well entrenched in the paint 
and automotive industries, and in the vocabularies of car 
salesmen and car buyers that there is no turning back. 
We are reminded of Lewis Carroll’s Humpty Dumpty: 
“When I use a word, it means just what I choose it to 
mean-neither more nor less.” 

If a car is painted a solid light gray and an otherwise 
identical one is painted metallic “silver” and they are 
viewed at a distance of several meters or more, with an 
overcast sky and snow on the ground (or other diffuse 
illumination), the two may look alike. However, if they 
are viewed the same way in full sunlight (or other highly 
directional illumination), there is a striking difference in 
appearance. The finish appears especially bright in the 
highlights and darker elsewhere. This makes the curved 
surfaces look more curvaceous, by which I mean they 
appear to have a higher degree of curvature. It is surpris- 
ing that no such meaning is given for “curvaceous” in 
either U’ebsler’s Dictionary‘’ or the Ox ford English Dic- 
tionar.v.2’ In fact, the voluminous Oxford doesn’t list the 
word at all. The only definition in Webster is “having a 
well-proportioned feminine figure marked by pro- 
nounced curves: marked by sex appeal.” ’’ Considering 
the notorious American male “love affair” with automo- 
biles, perhaps the stylist’s term “glamour” is not far off. 

In an article on “geometric metamerism,” in 1967, 
Johnston opened with a definition: “Two colors which 
appear identical when viewed at one angle, but which no 
longer match if the viewing angle is changed, are called 
geometric me tamer^."^^ She attributed the term to 

Henry Hemmendinger and Hugh Davidson. (She had 
used the term in her 1966 article on color and 
appea ran~e .~~)  There was a clear need to identify the 
concept and emphasize its importance, and her usage 
was an understandable extension of the term “metamer- 
ism,” but many felt the meaning should not be extended 
beyond its established spectral connotation. (Later, stan- 
dardizing bodies were to adopt this position.) In view of 
such objections, in 1969, Hemmendinger and Johnston 
proposed the terms “goniochromatism” for the phenom- 
enon whereby the color of a specimen depends on angu- 
lar conditions of illumination and viewing. They pro- 
posed “goniometachromatic” for a pair of specimens 
that match under some angular conditions, but not all. 
They proposed “gonioisochromatic” for a pair of speci- 
mens that match under all angular  condition^.^^ Of 
these, only “goniochromatism” has come into wide- 
spread use. 

Occasionally, the term “polychromatism” has been 
applied to a change in the color of a specimen with a 
change in viewing This usage suffers from the 
fact that “polychrome” has, since ancient times, meant 
an object exhibiting more than two colors, such as a pot 
with red, yellow, and green decoration.” Today a sev- 
eral-color printing process is called a “polychrome pro- 
cess.” Rarely, “two-tone” has been used in this connec- 
tion, but certainly ought not to be employed in the 
American automobile industry, where it more often has 
meant the use of two distinctly different colors on a car. 

The color observed when the line of sight is along the 
normal to the surface of the specimen is called the “face” 
color. The surface is facing the observer. The color ob- 
served when the specimen is viewed at a large angle to 
the normal is called the “flop” color. The specimen may 
flop from one color to another as it flops from one posi- 
tion to another. 

Flake orientation is an important contributor to the 
appearance of metallic materials. The flake orientation 
is evident in photomicrographs of paint cross sections, 
such as one published in 1967 by Johnston.23 The orien- 
tation of flakes is not always isometric with respect to the 
specimen being rotated in its own plane. The process of 
forming plastics or spraying a paint on a’ vertical surface 
(in the earth’s gravitational field) may cause a preferen- 
tial orientation. This phenomenon has sometimes been 
called “the venetian-blind effect.” Anisometric speci- 
mens such as this are said to be “directional.”28 

The names of instruments in this field are ponderous, 
to say the least. A “goniometer” is a device for measuring 
angles. A “goniophotometer” measures the amount of 
light received at various angles. A goniophotometer that 
has some spectral resolution, such as one equipped with 
a few colored filters, is called a “spectrogoniophoto- 
meter.” A spectrophotometer, with spectral resolution 
adequate for color work, that measures at a range of an- 
gles is called a “goniospectrophotometer.” The etymo- 
logical basis is nothing more than the fact that in the En- 
glish language adjectives come before the noun. An in- 
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strument equally suited to measurement of angles and 
spectra could be called either. A spectrophotometer that 
measures at a few given angles is called a “multi-angle 
spectrophotometer.” Incidentally, the term “spectro- 
photometer” is longer than necessary. The simpler term 
“spectrometer,” often applied to instruments to measure 
wavelengths, can also mean instruments to measure 
spectral power distributions. This usage deserves encour- 
agement.29.30.66 The syllable “photo,” refemng to light, is 
erroneous when such instruments are used in the ultra- 
violet and infrared regions of the spectrum. 

In almost all cases considered here, the receiver is in 
the plane defined by the normal to the surface of the 
specimen and the center of the illuminator. This plane 
may be called the “illuminator plane.” 

LUSTER 

A special case of goniochromatism of great importance 
is the case in which the variation in appearance with an- 
gle is caused by a variation in the amount of light specu- 
larly reflected from first surfaces. The glossy fibers of a 
lustrous satin are dielectric materials, so the light re- 
flected from the first surfaces is the color of the illumi- 
nant, which is taken to be white for appraising appear- 
ance. Grained plastics may have surfaces that reflect light 
in  the same way. The reflected white-light affects the 
lightness and saturation of the color produced by un- 
derlying colorants in a characteristic way. The lightness 
is a maximum and the saturation is a minimum at spec- 
ular reflections. In such cases, the appearance attribute is 
generally called “luster.” Luster is generally perceived as 
a property of the surface finish, rather than a “color vari- 
ation over the surface,” even though lightness and satu- 
ration are two of the three components of color. But, as 
Judd emphasized in 1952, perceived surface character 
and perceived color are often in~eparable.~’ 

The luster of textiles may be characterized by goniore- 
flectometry. I have used measuring geometry simulating 
viewing a textile wrapped around a circular cylinder hav- 
ing its axis in the plane of the illuminator and eye. Mea- 
sured or viewed as described, satin (oriented properly 
with respect to warp direction) exhibits a pronounced 
highlight at and near the specular angle and rapidly di- 
minishing reflection at other angles.32 Rodrigues pub- 
lished a monochrome photograph of a vertical cylinder, 
the bottom third painted with flat paint, the middle third 
with glossy paint, and the top third with metallic paint.33 
The apparent increase in curvature of the section with 
metallic paint is striking. The appearance of that paint 
on the cylinder is very similar to the appearance of satin 
wrapped around a cylinder. They enhance apparent cur- 
vature in the same way. Thus, the term “luster” is appro- 
priate to this attribute of metallic materials. 

Metals may be given a mirror finish or a lustrous fi- 
nish. Light reflected from a metal is not always the color 
of the illuminant. Gold, copper, brass, and bronze im- 
part a characteristic color to the light reflected. That is, 

what might most appropriately have been called “metal- 
lic color,” had there been divine guidance in the choice 
of terms. The lightness is a maximum and the saturation 
may also be a maximum at specular reflections. The vari- 
ation of saturation opposite to that observed with dielec- 
trics does not diminish the appearance of luster, so we 
may conclude that the principal feature of luster is the 
characteristic high lightness at and near specular reflec- 
tions. 

Specular reflection at the surfaces of submerged flake 
pigments, observed at and near the specular angle of the 
specimen surface, affects the general impression of luster. 
Metallic materials have the peculiar trait of providing a 
luster from within. The combination of that appearance 
of luster with the appearance of the high-gloss surface is 
a visually interesting characteristic of metallic materials, 
but not unique to them. A metal surface with a lustrous 
finish and a clear lacquer coat may have this appearance. 

GONIOCHROMISM 

We may encounter goniochromatism involving a varia- 
tion of hue as well as lightness and saturation, in a man- 
ner not perceptually associated with luster. The light re- 
flected from the metal flakes may be colored by charac- 
teristic metal reflection and by pigments in the resin. 
When the paint is viewed at a large angle from the nor- 
mal, as commonly happens when a surface curves away 
from the viewer, the flakes are viewed edgewise, so the 
colorants in the resin play a greater role. I propose that a 
specimen that exhibits a color variation with angle that 
is not perceived as luster be called “goniochromic” and 
the phenomenon be called “goniochromism.” 

In textile technology, a cloth that exhibits totally 
different colors when viewed from different angles is 
called “changeable.” ( I would not recommend that 
term for metallic paints, because it suggests that a finish 
has a chameleon-like inconstancy or is especially easily 
repainted.) A changeable taffeta may look green from 
one angle and red from another. When it is draped, one 
side of a fold may be green. the other red. The peculiar 
weave simply presents more green fibers in one direction 
and more red in the other. If the cloth is made of glossy 
fibers, it is lustrous. If the fibers are dull, the cloth lacks 
luster. Many lustrous fabrics are not changeable. Thus, it 
is easy to find textile examples that show that luster and 
goniochromism are independent attributes. 

Metallic materials are not as well-structured as woven 
textiles, so it is not so easy to demonstrate the indepen- 
dence of luster and goniochromism, but all who have re- 
searched the appearance of metallic materials have rec- 
ognized two attributes of appearance referred to as 
“lightness flop” and “color flop,” or some such terms. 
There is enough of a distinction to warrant treating luster 
and goniochromism as separate attributes of appearance. 
A designer might want to increase luster but decrease 
goniochromism, if a hue shift were objectionable. 

The three different attributes of macro appearance, 
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gloss. luster, and goniochromism, are often embodied in 
one finish. There is no appearance like it in nature. No 
wonder it is fascinating to the eye. 

MErHODS OF MEASUREMENT 

In 1964, Carleton Spencer, an automotive color stylist, 
descnbed criteria for choosing to match a solid color to 
one of four different identifiable colors of a metallic ma- 
terial: the dark-limit, the light-limit, the midpoint, or the 
point of “maximum hue strength.”34 He didn’t mention 
goniochromatism or angles, but he certainly knew that a 
metallic material had more than one color, was satisfied 
with identifying four, and had clear ideas about how to 
cope with them. 

Writing about early experiments in metallic colorant 
formulation in 1965, Hugh Davidson wrote, “As far as 
we know, nothing has yet been published on the use of 
instrumental matching and control of metalized colors 
in paints and plastics. . . . it would seem impossible to 
fully solve the problem without having measurements at 
near grazing incidence, as well as at approximately 90” 
to the sample surface.” He then described an empirical 
approach.‘ 

In 1966, McCamy described a unified approach to ap- 
pearance measurement, refined the basic concepts and 
terminology, introduced the term “reflectance factor” as 
distinct from “reflectance,” introduced a system of spec- 
ifying geometry, introduced the conical method of sim- 
plifying the description of geometry, and introduced 
functional notation for compact description of geomet- 
ric and spectral conditions.’5 This approach was adopted 
in national and international standards on optical densi- 
ties used to control color in photography and printing,36 
but had little impact on colorimetry at that time. 

In 1967, McDaniel described the selection of colors 
for cars and said curved panels were used to exhibit the 
“highlight” and “flop” colors as they would appear on 
a car. He also noted that in the 1967 model year (cars 
introduced in the fall of 1966), “Ourgold mist. . . sold 
a resounding 12% of all our cars. . . . gold did not even 
exist as a category three years ago. . . . The metallic in- 
fluence contributes mightily to the attractiveness of the 
color.” ” 

James Davidson had a Paint Research Institute Fel- 
lowship under the direction of Professor Billmeyer at Re- 
nsselaer Polytechnic Institute, to study the appearance of 
metallired paint films. By December 1967, Davidson 
had assembled a research goniospectrophotometer and 
measured the reflectance factor of a metallic painted 
panel, having a reddish-bronze “face” color and a very 
dark greenish “flop” or grazing-angle color, at a wide 
range of angles, for narrow wavelength bands at 505 nm 
and 643 nm.38 

A commercial recording goniospectrophotometer, the 
TrilacTM, was introduced by Kollmorgen Color Systems 
(now Macbeth) in 1968. The announcement said, it 
“will be of considerable interest to those working with 

materials designed to change color with varying conditions 
of illumination and viewing, such as paints and plastics that 
contain metallic particles.” ’’ Speaking of this instrument, 
lngle said, “The continuum of colors in the appearance of 
. . . a plastic with metallic as well as chromatic colorants 
can now be determined. Some function of ‘high-light’ color 
and ‘non-specular’ color might suffice to describe the color- 
element in their appearan~e.”~’ The commercial demand 
for the instrument was small, so about 1972, it was discon- 
tinued. 

The International Colo( u) r  Association held its first 
congress, called “Color 69,” in Stockholm, Sweden, June 
9- 13, 1969. The next four articles described below dealt 
with metallic appearance. 

Billmeyer reviewed geometric aspects of color mea- 
surement. He described Davidson’s measurements.3X 
The results were confirmed by measurements with a 
TrilacTM goniospectrophotometer. Measurements were 
consistent with visual observations under directional il- 
lumination, but differed significantly from observations 
with diffuse illumination. He saw a need to standardize 
viewing conditions for such  specimen^.^' 

Hemmendinger and Johnston described the TrilacTM 
goniospectrophotometer and presented measurements 
of metallic paints, vinyl-coated fabrics, and tricot fabrics, 
for pairs of specimens that matched at some but not all 
angles.25 

Baba reported building a “three-dimensional spectro- 
goniophotometer” and measuring several kinds of mate- 
rials, including “metallized paint surfaces.” The paints 
exhibited the typical broadening of the specular enve- 
lope.4’ 

Felsher and Hanau described the use 0f“reflective pig- 
ments for widened color effects.” They described the col- 
ors produced by flakes of different metal alloys. the in- 
crease in luster achieved by using transparent colored 
pigments of the same color as the metallic pigment, the 
adjustment of the color of metallic pigments beyond the 
usual range for a given alloy by the use of colored pig- 
ments. and referred to extreme goniochromatism as an 
“iridescent m ulti-colored effect.” They described the use 
of a dull surface, rather than a glossy surface, on a metal- 
lic plastic. noting that, ‘ I .  . . distracting reflections from 
an automobile dashboard are eliminated, while the me- 
tallic lustre, viewed subdued through the dulled surface 
layer, prevents an unattractive, ‘dead’ appearance.” 
They gave interesting insights into the effect of flake size 
and the technology of influencing the orientation of the 
flakes to improve “brilliance.” 

They gave a keenly insightful analysis of the state of 
the art of evaluation of metallic colors. In addition to 
the three colorimetric parameters needed to specify solid 
colors (which they also called “non-reflective colors”). 
metallic colors would require knowing “the amount of 
specularly reflected light, its angular width of dispersion, 
and .  . . the specularly reflected color.” 

They suggested the possibility of instrumentation: 
“. . . sophisticated color analyzing instruments may de- 
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scribe metallic and other reflective colors by a series of 
spectrophotometric or tri-stimulus readings, at various 
incident and reflective angles, together with one profile 
showing continuous and discontinuous variations of re- 
flective inten~ity."~' 

Bunda et al. compared visual judgments of the colors 
of metallic specimens to measurements with various ge- 
ometries and found the best correlation with the illumi- 
nator at -30" and the receiver at 1 5°.44 

In 1970, James Davidson completed a doctoral thesis 
entitled "The Color and Appearance of Metallized Paint 
Films." In addition to observations and measurements 
mentioned above, he experimented with polarization. 
When the incident light was polarized in the right direc- 
tion, the top-surface specular reflection was eliminated, 
but the goniochromatism was unaffected. When the re- 
flected light was also polarized (with cross-polarization), 
the bronze color otherwise produced by the flake reflec- 
tions was completely eliminated, "proving that it is de- 
pendent on the specular reflection from the alumi- 
num. . ." He distinguished specimens "with a lightness 
flop" from those "with a color flop." 

He characterized the appearance of metallic paints in 
a number of ways: ( I ) a polar plot of spectral reflectance 
factor as a function of viewing angle, for a given illumi- 
nation angle, ( 2 )  a plot of spectral reflectance factor as a 
function of wavelength for a given geometry, ( 3 )  tristi- 
mulus values for a given geometry, ( 4 )  isoreflectance an- 
gle for a specimen, ( 5)  plots of chromaticity coordinates 
for illuminating angles from grazing to normal, at view- 
ing angles from grazing to normal, ( 6 )  comparison of 
plots of CIE Y as a function of "the number of degrees 
from the specular angle" for a given illuminating angle 
(for which he recommended -30" to -45"), and ( 7 )  
comparison of plots of CIE Y as a function of viewing 
angle, for a given illuminating angle. Referring to Y as a 
function of the angle away from the specular direction, 
he said data "plotted in this manner most clearly show 
that the angles of illumination of -30 and -45 degrees 
completely describe the lightness flop."26 Measuring col- 
ors at various angles away from the specular direction 
was eventually generally accepted as the method of char- 
acterizing metallic materials. 

At "Colour 73," the second congress of the Interna- 
tional Colour Association, in York, England, July 2-6, 
1973, Thielert described the variation in color of colored 
metallic plastic sheets as a function of the orientation of 
the sheets in their own plane, i.e., their directionality. He 
made goniospectrophotometric measurements to find 
the width of the specular envelope, the spectral reflec- 
tance factor as a function of angle about the specular di- 
rection at half-height, and determined the orientation of 
the specimen that minimized the width. The maximum 
width occurred with an orientation 90" from the onenta- 
tion for the minimum. The color difference between 
identical pairs oriented at 90" to one another were visu- 
ally perceived without difficulty. He concluded that a 
sheet could be characterized by two measured quantities: 

( I ) the color difference between the specimen and a stan- 
dard, measured with a conventional 45"/0° spectropho- 
tometer with circumferential illumination; and (2 )  the 
color difference measured with a directional 45"/0" in- 
strument, between the colors for minimum and maxi- 
mum width of the specular envelope.45 

At "Color 77," the third congress of the International 
Colour Association, in Troy, New York, July 10-15, 
1977, McCamy described a unified approach to appear- 
ance m e a s ~ r e m e n t . ~ ~  He presented goniophotometric 
measurements at directions outside the illuminator 
plane for various textiles, ribbed vinyl, and metallic 
paints, correlated measurements with appearance as il- 
lustrated by photographs, reduced the mass of data by 
selecting angular scans, and proposed mathematical 
methods of analysis.46 

In 1982, the German firm Johne + Reilhofer intro- 
duced a multi-angle spectrophotometer. I t  had eleven 
different angular geometries, the illuminator and re- 
ceiver beams being in the illuminator plane. At first, the 
geometry was specified by illumination and receiver an- 
gles relative to the specimen normal, but later by speci- 
fying the angular displacement of the receiver from the 
specular direction or "angle from gloss,'' as suggested by 
Davidson." The angles of this kind chosen were 0", 5", 
15", 25", 35", 45", 55" ,  65", 75", 85", and 90". It was rec- 
ommended that at least three angles be used. One com- 
bination suggested was 25", 45", and 75". Ifa fourth angle 
were used, 90" was recommended. Another combination 
of four angles found useful was 15", 35", 55", and 75". 
The instrument could be used to study the directionality 
of specimens. 

An instrument introduced by Johne + Reilhofer in 
1987 provided annular illumination at 25", 45", and 70" 
from the normal direction, with the receiver on the nor- 
mal. Measuring with this geometry averaged the effect of 
directionality. The 1982 instrument measured at various 
angles sequentially: the 1987 instrument called a "multi- 
geometry system" measured at four angles simulta- 
neously. By adjusting an instrument component, one 
could measure at I2  different angles, the maximum an- 
gle from gloss being about 105". The spectrophotometric 
system was a double-beam design with flash source and 
resolution of I nm. The measuring probe was connected 
by a long flexible cable to an accompanying personal 
computer. Data were graphically presented as a surface 
in three-dimensional space, with the reflectance factor 
plotted vertically and the wavelength and the angle from 
gloss plotted orthogonally on the horizontal axes.47 

In 1986, Keane of GardnerlNeotec described an in- 
strument called the "Colorguard System 2000/AFC Au- 
tomotive Finish ColorimeterTM ," for measuring solid 
and metallic paints. The specimen was illuminated at 45" 
to the normal and reflected light was measured along the 
normal (face) and at a near grazing angle (flop). The 
sensor was connected to the colorimetric optics by a fi- 
ber-optic cable, to facilitate measurements on large sur- 
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faces, and color computations were done by a built-in 
personal c ~ m p u t e r . ~  

In 1986, Schmeltzer described goniospectrophotome- 
try of metallic paints to characterize their appearance 
and to provide a basis for formulation. He measured at 
angles of 25”, 30”, 45”, and 70” from the specular direc- 
tion, fur various angles of illumination, and reported that 
the measurements correlated well with visual observa- 
tions. His data showed that the same results were ob- 
tained when the illuminator and receiver are inter- 
changed ( principle of reversibility ). He differentiated 
“brightness flop” from “shade 

At the Inter-Society Color Council Williamsburg Con- 
ference on Appearance, February 8- 1 1,1987, the follow- 
ing four articles pertained to the measurement of the ap- 
pearance of metallic materials. 

McCamy opened with a review of geometric attributes 
of appearance. He illustrated the application of psycho- 
physics to appearance with examples from photographic 
science. He stressed the principle of simulation: the geo- 
metric and spectral conditions of measurement must 
simulate the geometric and spectral conditions of use. 
He noted the long history of studies of photometric ge- 
ometry in photography. He described goniophotometry 
outside the illumination plane that characterized the ap- 
pearance of different materials, including metallic 
paints, illustrated by photographs. He introduced goni- 
oreflectometry in which angles are not measured with re- 
spect to the center of the sampling aperture but are mea- 
sured at the center of the entrance pupil of the receiver, 
simulating angular displacements in the visual field. He 
called this a “receiver-centered scan” and, for measure- 
ment of distinctness of reflected images or luster, com- 
pared it to the measurement of an optical spread func- 
tion. He showed how specimens presented for measure- 
ment on a curved mandrel can be characterized by 
receiver-centered scans. He called for standardization of 
terminology, notation, methods of measurement, and 
methods of analysis.49 

Alman described a study of goniocolorimetry of me- 
tallic materials. He modeled variations in color as a func- 
tion of angle with polynomial equations. He then opti- 
mized the measurement of color variation by developing 
a directional sampling plan to optimally determine the 
model coefficients and minimize prediction errors of the 
polynomial model. A set of 36 metallic panels, with var- 
ious flake types and color pigments, were measured in 
geometries ranging widely in the difference of receiver 
direction from the specular direction. Then 12 pairs of 
panels representing small differences in composition 
were measured. An additional series of measurements 
were made for various illumination directions for a fixed 
receiver direction and for various receiver directions for 
a fixed illumination direction. Flop perception was 
scaled visually by magnitude estimates of 13 observers, 
observing 4 times each. The visual reference scale was 0 
for a solid color and 10 for a given panel with moderate 
flop appearance. 

The lightness varied with angle much more than the 
hue and chroma. He called the angle between the re- 
ceiver direction and the specular direction the “normal- 
ized view angle” (what Rosler had called “angle from 
gloss”). First-, second-, and third-order polynomial 
models of CIELAB L* as a function of angle were de- 
rived for the 36 metallic panels. The quadratic models fit 
the data very much better than linear models, but little 
was gained by using cubic models. Since three measure- 
ment directions are required to specify a quadratic equa- 
tion, three directions were adopted. The optimum three 
directions were one near specular ( 15”), one far from 
specular ( 1 10”). and one intermediate (45”). So long as 
normalized view angles were used, there was no differ- 
ence in the three modes of varying angles. A simple re- 
gression model for L*, without regard for variation in 
hue or chroma, correlated well with the visual scaling. 
He concluded that color measurement at three selected 
normalized view angles characterized the appearance.” 

On the basis of this study, an instrument was made 
with illumination at 45” to the normal and receiver di- 
rections at -30”, O”, and 65” to the normal, and was used 
for production control, color development, and process 
control. The normalized angles for this arrangement 
were 15”, 45”, and 1 

Venable described a simple theoretical model for re- 
flectance factor as a function of angle. He assumed two 
components, a diffuse component resulting from scatter- 
ing and random internal reflections, and a flake compo- 
nent resulting from single specular reflections from 
flakes. He concluded that measurements at three angles 
adequately characterize metallic materials. He said one 
should be as near the specular direction as instrumenta- 
tion allows, one should be at more than 60” from the 
specular direction, and the third should be intermediate. 
He made measurements with normal incidence and re- 
ceiver angles of 20°, 40°, and 75”. Given normal inci- 
dence, these are also the angles from the specular direc- 
tion.” 

Steenhoek described a very versatile and highly auto- 
mated goniophotometer designed for appearance re- 
search.53 

In 1987. Gerlinger et al. described a double-beam 
Zeiss/ Datacolor spectrophotometer with a “metallic 
measurement head” that measured from 5-70” away 
from the specular angle. In tests carried on at Audi AG, 
they found a correlation coefficient above 0.9 between 
visual judgments of “brilliance” (lightness variation) 
and the measurements at 25” from the specular direc- 
tion. For light-colored specimens, they found the data at 
70” important. They reported observing directionality. 
They recommended the use of these two angles and con- 
ventional 45”/0“  measurement^.^ 

In 1988, Steenhoek patented a portable spectropho- 
tometer and method for characterization of metallic ma- 
terials, employing three angles.54 

At “Color 89,” the 6th Congress of the International 
Color Association, March 13- 17, 1989, in Buenos Aires, 
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Argentina, Hofmeister described the measurement of 
pearlescent and metallic paints with directional 45“/0” 
geometry, with the specimen simply tilted at various an- 
gles to provide measurements at various angles from the 
spccular direction. He described the various appearance 
effects obtained by mixing pearlescent and metal-flake 
pigments.55 

AMERICAN STANDARDlZATlON PROGRAM 

The significance of measured values depends on the 
method of measurement being well specified, and the 
general interchangeability of data depends on standard- 
ization of such specifications. In 1988, I pointed that out 
to friends in the paint industry and suggested that we 
pursue standardization of methods of measurement of 
flake materials in the Committee on Appearance of the 
American Society for Testing and Materials (ASTM). 
At the meeting of that committee in January 1989, the 
Subcommittee on Geometry established a working 
group on the Measurement of Metallic and Pearlescent 
Colors. Dr. Allan B. J. Rodrigues of E. I. du Pont de 
Nemours &Company was named chairman and has en- 
ergetically pursued standardization since that time. I t  
was agreed that pearlescent materials were more difficult 
to characterize than metallic materials, because their col- 
ors depend not only on the viewing angle relative to the 
specular angle, but on the angle of illumination relative 
to the normal. For this reason, we undertook standard- 
ization of methods of measuring the appearance of me- 
tallic materials first. Dr. Rodrigues has reported ongoing 
activities to national and international technical socie- 
ties and has enlisted the cooperation of Dr. Heinz Ters- 
tiege, who is involved in a similar standardization pro- 
gram in 

The tasks identified were: to develop consistent and 
useful terminology, to prepare representative specimens 
for the group to study, to study existing instrument spec- 
ifications and develop a basis for standardization of spec- 
ifications. and to design and conduct experiments to es- 
tablish the correlation between measured values and vi- 
sual appraisals. The fact that the terminology in general 
use in this field was inadequate or ill-defined mirrored 
the fact that many of the basic concepts in this field of 
appearance were not precisely delineated. 

At the outset, it was generally recognized that mea- 
surements should be made at several “angles measured 
with respect to the specular direction”, but there was no 
simple name for such angles. I proposed the term “aspec- 
ular angle”. I also proposed the noun “gonioappear- 
ance” for the appearance of a surface for which the ap- 
pearance changes notably with changes in the geometry 
of illumination or viewing, and the adjective “gonioap- 
parent” to denote that quality of appearance. These 
terms were adopted by the ASTM committee on appear- 
ance. 

In a concurrent ASTM project, I prepared a draft of a 
standard on geometric description in the field of appear- 

ance measurement, based on work mentioned earlier.35 
It has been customary in goniophotometry to measure 
angles away from the normal-a convention so well es- 
tablished that there was no need for a special name for 
such angles. To differentiate them from “aspecular an- 
gles,” I have called them “anormal angles.” Functional 
notation specifies all geometric parameters that affect 
measurements. In a limited context, such as the compar- 
ison of the general design of instruments, the general no- 
tation may be abridged to identify the aspecular angles, 
for example, without specifying the angular subtenses of 
illuminators and receivers. In that system, the reflectance 
factor R measured by a multi-angle spectrophotometer 
that illuminates at 45” and measures at aspecular angles 
of 15”, 45”, and I 10” can be simply identified as: 

R(45”: 15” & 45” & 110”). - - ~  

This notation saves space and facilitates comparison of 
geometries of different instruments. 

Metallic luster can be perceived by illuminating direc- 
tionally and viewing the specimen at several angles, 
which happens automatically if the surface is curved. Al- 
ternatively, one might look at  a surface from one direc- 
tion and illuminate it successively or simultaneously 
from several directions. The first simulates inspection in 
sunlight, the other, the inspection of a car on a car lot at 
night, illuminated by a string of incandescent lamps. 
Both are encountered, but if we consider the sunlight 
case the “natural” or “normal” case, the principle of 
simulation would require specimens to be illuminated 
directionally and measured at several aspecular angles. 
This implies an instrument with a single illuminator and 
several receivers or a movable receiver. Receivers for 
color measurements are much more complex than illu- 
minators and movement of a single receiver prohibits si- 
multaneous measurements, so instrument designers in- 
voke the optical principle of reversibility and use several 
illuminators and a single receiver. As we have defined 
“normal” viewing geometry, this last design would be 
considered “reversed” geometry. The geometry can be 
described in the same way for either case, if we call the 
direction that would have been the specular direction, if 
the receiver had been the source, the “virtual specular 
direction.” This concept is under consideration in the 
group. 

At the meeting of ASTM Committee E 12 on appear- 
ance, on June 2 1, 1995, the working group was made a 
subcommittee, with Dr. Rodrigues as chairman. 

CONTROLLED VIEWING CONDlTIONS 

The characteristic glitter of metallic materials depends 
on viewing with directional illumination. If a car with 
such a finish is viewed in diffuse illumination, even on 
the shadow side of a car otherwise in direct sunlight, the 
luster and glitter virtually disappear. Since Norman 
Macbeth’s first viewing booth in 1915, colorists have 

COLOR research and application 



judged materials diffusely illuminated. The ASTM stan- 
dard practice for visual evaluation of color differences 
of opaque materials specifies diffuse illumination by “an 
extended-area source.”56 There is as yet no standard di- 
rectional illumination. 

About 1980, at Macbeth, I designed a viewing booth 
to simulate illumination in direct sunlight. A small 
source was to simulate thc spectral power distribution 
of sunlight, about 5500 K, and the approximate angular 
subtense ofthe sun. The remainder ofthe area above was 
to bc a brightly illuminated blue surface to simulate the 
blue sky. The combined illumination was to simulate 
CIE Illuminant D65, representing mean daylight. The 
spectral reflectance factor of the requisite blue surface 
had previously been computed and blue paint had been 
formulated for the “blue sky” chip on the Macbeth 
ColorCheckerK Color Rendition Chart5’ 

A t  the request of the ASTM working group, Carroll 
Conklin of Macbeth completed the design and construc- 
tion of a prototype ofsuch a booth, for experimental use. 
It presented a wide range of aspecular angles. A neutral 
gray scale of color differences (CIELAB L * differences of 
0.5, 1.0, and 2.0). made by the Munsell laboratory at 
Macbeth. was placed in the field of view, to be used as a 
comparison standard for visually estimating color 
differences. The interior of the booth was painted black, 
to maximize the directionality of the simulated sunlight 
illumination.5x 

I t  soon became apparent that color differences seemed 
smaller in the booth than they did in sunlight. That re- 
minded me of the fact that photographs projected in a 
darkened room appear of lower contrast than prints of 
equal contrast viewed in daylight. The extreme contrast 
of the bright screen against the dark surround establishes 
an extreme scale of contrast against which the image is 
judged. When the parts of the viewing equipment within 
the observers field of view were painted light gray, obser- 
vations in the booth correlated much better with those in 
sunlight. The blue-sky simulator introduced some spec- 
ular reflections, which may have simulated outdoor 
viewing of the top of an automobile, but not the sides. 
Observers preferred to make critical judgments without 
the blue-sky simulator. 

At the time these experiments were initiated, the dis- 
tinction between the micro and macro appearance of 
metallic materials was known, but its implications were 
not fully appreciated. In the experiments, color variation 
with respect to viewing angle, as usually perceived on a 
macro scale. was being evaluated at reading distance. At 
that distance. the individual flakes were visible, so the 
viewer saw two colors at a time, the color of the flakes 
and the color of the resinous matrix, rather than the av- 
erage color, as seen from a distance. (The eye doesn’t 
average, but instead, tends to emphasize contrast and 
form against background.) An optical device can be used 
to blur the field of view so the average color is seen. Lim- 
ited experiments have shown this technique to be 
effective. A solid-colored standard chip that matches so 

that it disappears against a metallic panel, with blurring, 
doesn’t appear to match without blurring. 

Saris er al. experimented with quite different viewing 
conditions. They viewed specimens on an indexed tilting 
table at eye level, with a large “artificial window” behind 
the observer. The illuminator was 1.65 m wide and 1.42 
m high, equipped with twelve 65-watt fluorescent lamps, 
with correlated color temperature of 6500 K and color 
rendering index of 95, providing an illumination of 700 
to over 2000 lux at the specimen table. The ambient sur- 
faces beyond the specimen table, providing the surround 
or background, and that above it, being specularly re- 
flected in tilted specimens, all were black. They found 
high correlation between visual judgments of color 
differences and color differences measured at aspecular 
angles of 25”, 45”. and 1 lo”, computed by the general 
CMC color difference equation, with I = 1.5 and c = 
1 .00. They found, at least as a tentative conclusion, that 
correlation was improved by using a CMC /:c ratio of 3: 
1 for the low and intermediate angles and 2:3 for grazing 
angles. (This probably reflects the fact that at low angles 
the lightness change is dramatic and that at the grazing 
angle the chroma change is.) Viewing in a conventional 
viewing booth with diffuse overhead illumination and 
light gray walls was not nearly as effe~tive.~’ 

At first, such a large illuminator would seem inappro- 
priate for observations of an angularly dependent attri- 
bute of appearance. Care was taken to avoid seeing a 
specular reflection of the illuminator, when viewing at 
the face angle. That required centering the observer’s 
head between the illuminator and specimens. Under 
these conditions of viewing. the specimens were illumi- 
nated annularly, but the angular subtense from the spec- 
ular direction (the line of sight) was not as large as the 
size of the illuminator might seem to suggest. The annu- 
lar illumination simply adds more light than a single di- 
rectional illuminator at a small angle from specular and 
averages out any directionality of the specimens. Like- 
wise, the tilted specimens were illuminated within a 
somewhat restricted range of angles, because they were 
tilted away from the illuminator. Thus the illuminator 
was “diffuse,” but the illumination was not. (I t  should 
be noted that the illuminators and receivers in small 
measuring instruments necessarily subtend somewhat 
larger angles than are used in research goniophotomet- 
ers.) It appears that the observations were made at a dis- 
tance somewhat greater than that used in the ASTM ex- 
periments thus far. It was not reported whether the flake 
discontinuity or glitter was perceptible at this distance. 

META1,-FLAKE MEASUREMENT COMES OF AGE 

The Federation for Societies for Coatings Technology 
has sponsored Symposia on Color and Appearance In- 
strumentation (SCAI). The symposium in Cleveland, 
OH, April 25-26, 1990, left no doubt about “the state of 
the art” of measurement of the appearance of metallic 
materials. The art had become a science, the science had 
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spawned a branch of engineering, the engineering had 
brought forth practical methods of measurement, and a 
number of companies had made instruments readily 
available. In addition to a series of technical articles, 
there was an exhibition of commercially available instru- 
ments. Both were well attended.60 

Gerlinger of Zeiss described an instrument with a fi- 
ber-optic probe that measured color at aspecular angles 
near O", at 45", and either of two large angles. 

Rosler of Kollmorgen Instruments GmbH described a 
portable spectrophotometer that measured near o", 45", 
and two large angles, but could be reconfigured easily to 
measure at 12 different directions. He demonstrated that 
measurements are required at more than three angles to 
characterize some materials. 

Begert of Audi reported on organization and instru- 
mentation for managing the colors of plastics and coat- 
ings in the automotive industry. 

Venable of Hunter presented his model of metallic 
paints and argued on that basis for the use of an angle 
near o", one near grazing, and one well under 45". He 
thought the 45" direction to be less revealing, even 
though most workers had found it useful and had argued 
that it provided a link with conventional colorimetry, as 
recommended by the CIE. 

Hofmeister of Merck described the relationship of 
flake type and colorant formulation to goniocolorimetry. 

Rodrigues of du Pont reported on the ASTM working 
group, and Terstiege of BAM in Berlin reported on the 
activities of the corresponding BAM-DIN Committee. 
Terstiege felt the work thus far had not been very fruitful 
and looked forward to what progress might be made by 
the ASTM group. 

The International Color Association (AIC) held an in- 
terim symposium on instrumentation for color measure- 
ment, September 3-5, 1990, in Berlin. There were four 
articles on metallic appearance. 

McCamy related colorimetry to visual appraisal and 
gave the history of the development of standard lighting 
for assessing appearance, including the sunlight simula- 
tor being used by the ASTM group.6' 

Rodrigues reviewed the measurement of metallic and 
pearlescent colors, particularly the work of Venable, 52 

Alman, '" and Saris et aL5' He also reported a new analy- 
sis of the measurement of "high glamour metallics and 
pearlescents," 18 metallic and 16 pearlescent, at aspecu- 
lar angles at 5" intervals from 15" to 1 lo". The data were 
analyzed by the polynomial modeling method of Al- 
man.50 The 15", 45", l lo" geometry was clearly superior 
to a proposed 2o", 45", 70" geometry. The first of these 
had been used for routine color control for eight years. 
The principal difference in these geometries is at the high 
angle, and the measurement at 110" may be quite differ- 
ent from that at 70". (This high angle corresponds to the 
view of an automobile surface curving away from the ob- 
server, which is an essential part of the appearance.) He 
noted that Saris et af.  had found that visual appraisals 
correlated well with measurements employing diffuse il- 

lumination and attributed this finding to the fact that the 
artificial window used didn't provide directional illumi- 
nation, Though the 45" angle may be a convenient link 
to CIE geometry, he found that any intermediate angle 
from around 45-60" correlated well with observations. 
He found no advantage in measuring at aspecular angles 
under 15". He reported that practical tolerances for col- 
orimetric variation are about twice as large for the two 
extreme angles as they are at 45". He reported a flop in- 
dex as a function of CIELAB L* measured at the three 
angles, derived by Alman from psychophysical experi- 
ments, which may be written: 

( 1 )  

where F i s  the flop index; L ,  is CIELAB L*, measured at 
the aspecular angle of 15"; L2 is CIELAB L*, measured 
at the aspecular angle of 45"; and L3 is CIELAB L*, mea- 
sured at the aspecular angle of l 10". 

He described the ASTM test specimens: 44 color 
difference pairs for nine different paints, including light, 
dark chromatic, and achromatic colors and including 
small, medium, large, and round flakes, scattering tita- 
nium dioxide, microtitania, and different paint applica- 
tion techniques. 

He briefly reviewed multi-angle color measuring in- 
struments available at that time, including the Datacolor 
GKl 1 1 (measured at 1 1 angles: every 5" from 20-70"), 
the Datacolor MMK 1 I 1 (measured at 3 angles: 25", 45", 
and 70" with optional 20" and 1 lo"), the Macbeth Color- 
EyeTM 50 10 (measured at 1 2 angles: O", 1 O", 20", and ev- 
ery lo" from 35-105"), the Optronic MultiflashTM 
(measured at 8 angles: 20°, every 10" from 25-75", and 
1 15"), the Phyma (measured at 5 angles: every 15" from 
15-75'), the du Pont MAC (measured at 3 angles: 15", 
45', and 1 lo"), and the Murakami research goniospec- 
trophotometer with a continuous angular range. Consid- 
ering the ease with which these instruments could be 
used to measure colors on a car, he described the best in 
that regard, the Datacolor and Macbeth instruments, as 
"transportable" rather than "portable," because they 
had cables connected to a stationary component. He 
cited patents not yet commercially e ~ p l o i t e d . ~ ' . ~ ~  

He described the du Pont 3PC, a three-angle portable 
colorimeter built by du Pont for internal use, as light, 
compact, operable by a single user, and powered by a 
battery pack on a shoulder strap. It measured at aspecu- 
lar angles of 15", 45", and 1 lo", by means of reversed 
optics and a grating spectrum analyzer. 

A study of the painting of automobile body and fender 
parts on two assembly lines (one automated, the other 
partly manual), using this instrument, demonstrated 
that the measurements predicted acceptability, the 15" 
measurements correlated best with observations (so con- 
ventional colorimetry was not as effective), CIE lightness 
L* differed between body and fender parts by as much as 
8.0, the mean lightnesses were unquestionably different, 
there was no difference in repeatability on the two lines, 
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and the automated line produced a poorer match to the 
standard than the partly manual line. Other applications 
were cited.33 

Besold of Eckart-Werke described the characteriza- 
tion of the "metallic effect" and related appearance to 
the optical properties of the flakes. He categorized pig- 
ments, noting that metal flakes cause reflection, produce 
a lightness flop, and contribute to hiding: while pearles- 
cent flakes cause interference, produce a color flop, and 
are transparent. The "brilliance or sparkle" of metallic 
paints increased with flake size. He described "lightness 
flop or two-tone." He considered distinctness-of-image 
gloss (DO1 ), lightness, brightness, and whiteness essen- 
tial features of the "metallic effect." Because of scattering 
at the edges of flakes, small flakes caused a milky appear- 
ance, but larger flakes caused higher brilliance or sparkle. 
Recently developed round smooth flakes, shown in a 
photomicrograph, produced outstanding brilliance and 
brightness. Very large flakes tended to reduce DOI. 
Fairly coarse flakes in a narrow size range produced high 
brightness, flop, and DOI. These factors depended on 
flake orientation, which depended on dispersion, formu- 
lation, and method of application. A laser granulometer 
was usually used to determine particle size distribution. 
He illustrated the use of a goniospectrometer to measure 
lightness differences for quality control. He computed 
DO1 from reflectance factors at the 30" gloss angle and 
those at 0.3" to either side of it.3" 

Rosler of Kollmorgen Instruments GmbH described 
eight years of field experience with applications of multi- 
geometry color measurement. He attributed the much- 
discussed inability to correlate measurements and visual 
observations to ill-defined and highly variable visual ob- 
servations. He said it is not enough that buyer and seller 
use the same viewing conditions, if the conditions are 
wrong. He cited the new Macbeth booth as a solution to 
that problem. He described the Macbeth CE 5010 
(ER50) instrument that usually measures at four aspec- 
ular angles: 20", 45", 75", and 105", but can measure at 
10" intervals from 10-105". The wide variety of angles 
permits a choice of the geometries best suited to the mea- 
surement and control of a particular paint. He presented 
three-dimensional plots of wavelength, aspecular angle. 
and reflectance factor of a number of metallic and pearl- 
escent paints and discussed their use in color control. It 
appeared that three or four geometries were usually ade- 
quate, but that in the most complex cases, involving in- 
terference effects, as many as ten geometries may be 
needed to characterize a specimen.64 

At "Colour 93." the 7th Congress of the International 
Colour Association, in Budapest, Hungary, June 13-1 8, 
1993, there were some articles on the measurement of 
metallic materials. 

Baba of Murakami reported goniospectrophotometric 
measurements with 45" illumination and the receiver at 
aspecular angles at every 5" from 20- 1 10". He measured 
metals, Morpho butterfly wings, metallic paints, and tex- 
t i l e ~ . ~ ~  

Doring reported correlating visually estimated and 
measured color differences on metallic paints. He used a 
GK 3 1 1 /M goniospectrometer made by Zeiss, illuminat- 
ing at 25" and measuring at aspecular angles in 5" incre- 
ments from 10-1 lo". The specimens were four series of 
paint panels from the test set used by DIN Committee 
FNF, each series including 10- 12 panels with variations 
in lightness, hue, and flop characteristics. Visual judg- 
ments were made in a viewing booth like that used by 
the ASTM group. He found serious differences between 
instrumental and visual results, particularly at lower as- 
pecular angles.6h 

The accuracy of a measurement can be no better than 
the method and physical standard used for calibration. 
Diffusely reflecting white plaques are used as calibration 
standards for reflectometry. Absolute calibrations of 
such plaques by standardizing laboratories are usually 
done with geometric conditions recommended by the 
CIE for general colorimetry. Fairchild et af. studied the 
reflectance factor ofthe two most common standard ma- 
terials as a function of angle, to provide a basis for cali- 
brating goniospectr~photometers.~~ 

Since the AIC meeting in Berlin, instrument designers 
and manufacturers have responded to Rodrigues' call for 
portable instruments. Macco of OPM-E described a 
multi-angle dual-beam dispersion-type spectrophotome- 
ter with built-in computer and memory.6R A few more 
examples, taken from manufacturers' trade literature, i l -  
lustrate the kinds of instruments and features that be- 
came available. 

The Minolta model CM-5 12m 1 was a battery-oper- 
ated multi-angle filter-type spectrophotometcr with 
pulsed-xenon illumination at three angles, only 209 X 
I53 X 130 mm, and weighing 2000 g without batteries. 
It measured reflectance factors R( 25" & 45" & 72.5: 45"), 
as recommended by the German standards organization 
DIN. An otherwise similar model, CM-512m2, mea- 
sured at angles recommended by du Pont, R( 15" & 45" 
& - 1 loo: 45"), and displayed Alman's flop index. These 
instruments had an automatic position sensor to assure 
that the instrument was aligned with the specimen sur- 
face, and a temperature sensor to help monitor ther- 
mochromism. 

The X-Rite MA58 Multi-Angle SpectroPhotometerTM 
was a filter-type spectrophotometer measuring at 20-nm 
intervals, with a single tungsten light source and a shutter 
system and fiber-optic pick-up to measure at three an- 
gles, R(45": 25" & 45" & 75"). I t  was only 225 X 1 16 X 
76 mm and weighed 1400 g. The instrument stored up 
to 100 color measurements and downloaded data into a 
proprietary WindowsTM-based software system for color 
control. The similar X-Rite MA68 Multi-Angle Spectro- 
photometer measured at five angles: R (  45": 15" &25" & 
45" & 75" & I loo) and stored measurement data for 999 
samples. 

The Zeiss GONIOCOLORTM was a dual-beam disper- 
sion spectrophotometer with 3-nm wavelength intervals, 
measuring at four angles, R(25" & 45" & 70" & 110": 

- -  

- - -  
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45"). It was only 168 X 174 X 116 mm and weighed un-  
der 2400 g, with power supply. It had a full range of color 
computations and display. 

The Macbeth Auto-EyeTM 640 series of portable 
multi-angle spectrophotometers were holographic 
diffraction-grating spectrophotometers measuring at 10- 
nm intervals, with pulsed-xenon CIE D65 daylight illu- 
mination at four angles, depending on the model: 

Model Reflectance Factor Measured 

640 
64 I 
642 

The instruments were only 3 13.4 X 303.5 X 152.4 mm 
and weighed 2380 g. Measurement time was 0.15 s. Pres- 
sure sensors assured that equal force was applied to the 
supports during measurement. External sensors mea- 
sured the temperature of the specimen and tagged each 
measurement with a temperature stamp. Internal tem- 
perature sensors indicated when recalibration was neces- 
sary. Color computations, tolerancing, and large mem- 
ory capacity were self-contained. The display graphics 
were based on readily recognizable icons and the output 
display text and captions could, at the command of the 
operator. be in English, German. Italian, Spanish. or 
French. The accuracy of color measurements depends 
on photometric accuracy and wavelength accuracy. The 
wavelength accuracy of these instruments was main- 
tained in the field, by periodic automatic calibration of 
the wavelength scale, using the natural emission spec- 
trum of the xenon source as a series of wavelength stan- 
dards. This has been the classic laboratory method of 
wavelength calibration throughout the history of spec- 
trometry. 

MEASURES OF APPEARANCE ATTRIBUTES 

The macro appearance attributes of metallic materials, 
other than the color observed or measured in diffuse illu- 
mination, are specular gloss, luster, and goniochromism. 
Spccular gloss is well-known and may be measured by 
standard p r o c e d ~ r e s . ~ ~  

Luster depends on the variation of lightness with an- 
gle. The flop index is a measure ~ f t h a t . ~ ~  Considering the 
uncertainty of producing representative specimens, the 
probable precision of visual appraisals, and the lack of 
standardization of methods of observation and measure- 
ment, the following simpler quantity should be a satis- 
factory measure of perceived luster, for metallic materi- 
als: 

s = 3(L ,  - L,)/L2, ( 2 )  

where S is the measured luster; L ,  is CIELAB L* mea- 
sured at the aspecular angle of 15"; L2 is CIELAB L* 

measured at the aspecular angle of 45"; and L3 is CIE- 
LAB L * measured at the aspecular angle of 1 10". 

Lightness variation is the principal component of the 
appearance of luster, but goniochromism may also in- 
volve lightness variations. Luster usually involves a shift 
in saturation, which is a color variation. Some metals 
produce colored luster. Thus, it is not obvious how gon- 
iochromism can be evaluated separately from luster. In 
evaluating pearlescent materials, which have more pro- 
nounced goniochromism than metallic materials, Baba 
used the distance between chromaticities on the CIELAB 
a*, b* diagram as a measure of goniochrornism.7u One 
might have a simple reduction in CIELAB chroma in 
one case and an equal distance corresponding to a 
difference in CIELAB hue angle of 180" in another. 
These cases would look very different. If it takes three 
or more color measurements to characterize a metallic 
material, nine or more colorimetric parameters are im- 
plied and they may all be necessary to characterize some 
materials. In other cases, the variation in CIELAB 
chroma or CIELAB hue angle may be adequate mea- 
sures of the visual effect. Where matching is concerned, 
it must be noted that the tolerance for hue differences is 
less than the tolerance for lightness or saturation. This 
implies that it is useful to consider differences in terms of 
CIELAB hue, angle, and chroma. 
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