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Abstract

Appearance standards for gloss, haze, and goniochromatic color are
applied to computer graphic reflection models. Correspondences
are derived between both the gloss and haze standards and the
specular exponent of the Phong model, the surface roughness of
the Ward model, and the surface roughness of the Cook-Torrance
model. Metallic and pearlescent colors are rendered using three
aspecular measurements defined in a proposed standard for go-
niochromatic color. The reflection models for gloss and goniochro-
matic color are combined to synthesize pictures of clear coated au-
tomotive paint. Advantages of using appearance standards to select
reflection model parameters include the small number of required
measurements and the inexpensive commercially available instru-
ments necessary to acquire the data. The use of a standard appear-
ance scale also provides a more intuitive way of selecting the reflec-
tion model parameters and a reflection model independent method
of specifying appearance.

CR Categories: I.3.3 [Computer Graphics]: Picture/Image Gen-
eration; I.3.7 [Computer Graphics]: Three-Dimensional Graphics
and Realism—Color, shading, shadowing, and texture;

Keywords: color, optics, reflection and shading models, rendering

1 Introduction

The appearance of an object is important in both the real world and
in a computer graphic scene. From an object’s color alone we can
determine the season by the leaves, the weather by the sky, and the
freshness of meat sold in the market. Gloss reveals to us the age of a
car, the cleanliness of a table, and the quality of sushi. These judg-
ments are made instinctively by analyzing the light reflected from
the items to our eyes. When applied to synthetic imaging, we judge
the realism of a computer graphic picture by the appearance of the
objects in the rendered environment. If the light that reaches us
from the image evokes a visual response similar to that of viewing
the real world scene, we describe the picture as being realistic.

How an object looks has been recognized to be important by
workers in both the field of computer graphics and the appearance
industry. The reaction by computer graphics researchers has been
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to develop increasingly general models of surface reflection and to
build ever more sophisticated reflection measurement devices. This
has ultimately led to the use of the complete Bidirectional Reflec-
tion Distribution Function (BRDF) to represent reflection [24] and
to the measurement of a BRDF by the use of a spectrogoniopho-
tometer [41]. The approach taken by appearance industry profes-
sionals has been completely different. They have tried to determine
the minimum number of measurements necessary to characterize
the largest possible set of practical appearance problems. This has
produced one-dimensional scales of appearance, such as gloss, and
inexpensive appearance measurement devices, such as glossmeters.

The quantification of appearance by the paint and coatings in-
dustries has resulted in a set of appearance measurement standards.
Tristimulus colorimetry, which is essentially a measure of diffuse
reflection color, is one example with which computer graphics pro-
fessionals are already very familiar. However gloss, a measure
of the magnitude of the specular reflection, and haze, which cap-
tures the width of the specular lobe, are both almost unknown
terms within the computer graphics community. Gloss and haze
demonstrate the critical importance, for appearance measurement,
of knowing how much light is reflected within just a few degrees
of the specular direction. Even when the magnitude and color of
the reflected light change over the entire reflectance hemisphere,
appearance professionals have learned that in many cases, such as
automotive metallic and pearlescent paint, only a few key mea-
surements are necessary. Finally, the measurement of gloss, haze,
metallic paint and other standardized appearance parameters can all
be accomplished with relatively inexpensive measurement instru-
ments.

This paper applies existing appearance standards and simple ap-
pearance measurements to realistic image synthesis. Given exist-
ing computer graphic reflection models such as the Phong model,
the Ward model and the Cook-Torrance model, a correspondence
is developed between the parameters of these models and appear-
ance measurement scales such as gloss and haze (Section 2). This
provides an appearance based rational and a simple measurement
scheme for setting the parameters of these models. A reflectance
model is also presented for use with so-called goniochromatic sur-
faces such as metallic and pearlescent automotive paint (Section 3).
This demonstrates that even complex surface reflection can often
be captured with a few key measurements. Finally, the gloss based
reflection models are combined with the goniochromatic reflection
model to render, using as few as four data values, a clear-coated
automotive surface finish (Section 4).

2 First Surface Reflection - Gloss and
Haze

Upon cursory examination, gloss is a rather simple surface appear-
ance attribute; a surface is either glossy or matte. However the
subtleties of gloss which are missed on this conscious examination
are easily captured by the subconscious. These subtleties indirectly
tell us whether a shirt is satin or nylon and inform us that it’s time
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to clean the bathroom mirror. These are the same subtleties that
have pushed industry to come up with ways to both quantify and to
measure gloss.

2.1 Current Standards

Gloss is defined by the American Society for Testing and Materi-
als (ASTM) to be “the angular selectivity of reflectance, involving
surface-reflected light, responsible for the degree to which reflected
highlights or images of objects may be seen as superimposed on
a surface” [5]. The seminal work on gloss measurement was per-
formed by Hunter beginning in the 1930s. This work led him in
1937 to the differentiation of no less than six types of gloss: specu-
lar gloss, sheen, contrast gloss (or luster), absence-of-bloom gloss,
distinctness of image gloss, and surface-uniformity gloss [21]. Cat-
egorizing gloss helped to quantify its subtleties and led to the first
standardized measurement of gloss, ASTM method D523-39, Test
for Specular Gloss [23]. This standard method, which survives ac-
tively to this day, measures the light reflected in the specular direc-
tion off the sample surface, 60 degrees down from surface normal.
A surface of high gloss will reflect most light in the specular direc-
tion while a surface with low gloss (e.g., a Lambertian surface) will
reflect most of its light in directions other than specular. The nu-
merical gloss value, G, assigned to a surface typically ranges from
100 (high gloss) to 0 (low gloss).

A primary goal in establishing standard gloss measurements is
to create an instrument measurement with a scale that mimics the
numerical appraisal of an appearance professional. Because of the
wide range of gloss values it was found that the correlation between
gloss values for the 60 degree specular gloss meter and equivalent
human assigned values were valid for too small a range of glossi-
ness. Better correlation for specular gloss was achieved by adding
two more instruments, one which measured specular gloss at graz-
ing angles (termed sheen by Hunter) and another which measured
specular gloss at near normal angles. These two measurements now
are also part of ASTM D523, which assigns the angles from nor-
mal to be 85 degrees and 20 degrees respectively. Results have
confirmed that the 20, 60 and 85 degree specular gloss measure-
ments offer numerical values which are roughly linearly correlated
over a range of values to perceived gloss of high-gloss, medium-
gloss, and low-gloss surfaces respectively [22]. Figure 1 shows a
graphical comparison of measured to perceived gloss for different
specular gloss standards.

Pellacini, Ferwerda, and Greenberg [32] have pointed out some
of the limitations of the existing ASTM gloss standard. They have
taken on the important task of developing an improved definition of
gloss and of applying it to computer graphics. However, the ASTM
standard is still widely and successfully employed in the appear-
ance industry, and there are inexpensive commercial instruments
available that can be used to make ASTM standard gloss measure-
ments. Thus there are compelling reasons to also utilize the current
ASTM gloss standard in computer graphics.

Among other standards that are important to industry are haze
and distinctness-of-image gloss measurements specified in ASTM
E430, test method A [6]. These measurements compare the light
reflected directly in the specular direction to that reflected in the
slightly off-specular direction. For distinctness-of-image gloss, the
angle of offset is essentially “as close as we can get” – centered a
mere 0.3 degrees off of specular. This is to mimic the keen dis-
crimination the human visual system has for detecting the sharp-
ness of the reflection of an object in a highly reflective surface [22].
The quantity measured is Gdoi which varies as with specular gloss;
a larger value of Gdoi corresponds to a more distinct image (i.e.,
a higher gloss value). The two haze measurements specified in
ASTM E430 offer better correlation to the perceived haziness of
surfaces with more directionally diverse surface scatter. The haze

Figure 1: Numerical gloss values vs. visual gloss rating for ASTM
specular gloss standards (after Hunter and Harold [22]). The thick-
ness of each curve denotes the variance in the the sample observa-
tions.

value is a measure of the similarity between the pure specular re-
flection (measured with 30 degree gloss) and off-specular reflec-
tion (measured either 2 or 5 degrees off specular). One more haze
measurement is specified in ASTM D4039 [3], which utilizes the
difference between the 20 and 60 degree specular gloss measure-
ments. This haze measurement takes advantage of the difference
in the sizes of detector apertures of the two gloss measurements to
measure specular and off-specular reflection. The convention used
for the measured value of haze, H, is an increasing numerical value
associated with increasing haziness.

A more detailed list of the above standards specifications is listed
in Figure 2. The ASTM provides a complete description of all
these standards, updated annually [2]. An excellent overview of
these appearance measurement standards is offered by Hunter and
Harold [22]. In addition, this text includes a discussion of other
appearance based standards relating to specific industries.

2.2 Virtual Light Meter

The measure of gloss is a simplification of the BRDF down to a
single appearance related quantity. Using a BRDF model as the
representation of light reflection in computer graphics affords subtle
appearance detail but also presents difficulty in selecting the correct
BRDF model parameters. What is necessary is a way to develop
a correspondence between BRDF model parameters and standard
appearance measurements. A virtual light meter was constructed
for this purpose. In the same way that various gloss meters give
control over surface reflection properties to the product engineer, a
virtual light meter can give control over BRDF model parameters
to the computer graphics appearance designer.

The virtual light meter is essentially a customized integration
tool, using numerical quadrature of the specified BRDF model over
an adaptively subdivided source and receptor aperture (Figure 3)
to compute the final standard appearance value. In addition to
being able to calculate the standards (specular gloss, haze, and
distinctness-of-image) the virtual light meter can be customized for
other measurements. The customizable parameters include the size
and locations of the source and receptor apertures, the specular an-
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ASTM Specular Aspecular Aperture Field (in degrees)
Gloss Standard Angle Angle Source Receptor

Specular gloss D523 20◦ 0◦ 0.75 × 2.5 1.8 × 3.6

Specular gloss D523 60◦ 0◦ 0.75 × 2.5 4.4 × 11.7

Specular gloss D523 85◦ 0◦ 0.75 × 2.5 4.0 × 6.0
(sheen)

Specular gloss E430 30◦ 0◦ 0.44 × 5.0 0.4 × 3.0

Distinctness- E430 30◦ ±0.3◦ 0.44 × 5.0 0.14 × 3.0
of-image

Haze E430 30◦ ±2◦ 0.44 × 5.0 0.4 × 3.0
or 0.5 × 3.0

Haze E430 30◦ ±5◦ 0.44 × 5.0 0.4 × 3.0
or 0.5 × 3.0

Figure 2: Standard gloss and haze measurement specifications (after Hunter and Harold [22]). Specular and aspecular angles are measured in
the plane of incidence. Aperture fields are measured as (in plane of measurement)×(perpendicular to plane of measurement). Values are take
from ASTM [4, 6]. See Figure 3 below for a diagram of 60 degree specular gloss.

gle, the surface orientation, and the reflection model.
Gloss values are directly dependent upon the measured flux re-

flected off the surface and passing through the receptor aperture.
The integration of this flux begins by subdividing the source aper-
ture. For each sample point on the source, the receptor aperture is
subdivided. Based on the initial results of the integration, the recep-
tor aperture is adaptively subdivided until the discretely computed
flux is within some specified tolerance. Figure 3 shows an example
of the flux due to one subdivided source element passing through
the receptor. After this flux is determined, the next source sample
point is chosen and the process is repeated. The source aperture
continues to be subdivided until a specified tolerance is achieved.
More detail of the integration process is offered below.

This virtual light meter allows the user to determine the specular
gloss, distinctness-of-image, haze, etc. produced by a BRDF model
with specified parameter values. To find the BRDF model param-
eters required to achieve a desired appearance value, the program
can be run several times using different BRDF parameter values.
Interpolation can then be used to compute the BRDF parameters
required to achieve a desired gloss or haze value.

2.3 The Integration Method

To perform the integration over source and receiver apertures,
the numerical cubature library tool Cubpack++ was used. Cub-
pack++ is a extensive C++, template based, class library for adap-
tive numerical integration of functions over two-dimensional ar-
eas [15, 16, 17, 18].

The rectangularly defined source and detector apertures are both
subdivided adaptively by Cubpack++. Integration over the aperture
which exists in world 3D space is achieved by coordinate transfor-
mation to local (i.e., aperture) 2D space. The rectangular ASTM
definition of the aperture is particularly convenient for use in this
cubature library since rectangles are primitive integration geome-
tries. The surface irradiance due to each subdivided element of the
source is modified by the sample BRDF and geometric conditions
to find the flux at each detector patch. Rather than using the flux di-
rectly, we will discuss the integration process with respect to radiant
exitance, the exitant flux density:

M ≡ dΦ

dA
.

The irradiance at surface element dA due to Sj , the jth patch of

the source aperture, is

dESj = LS ŝj · n̂ dωSj (1)

where LS is the radiance of the source, ŝj is the unit direction
vector of Sj , n̂ is the unit normal vector to dA, and dωSj is the solid
angle subtended by Sj at dA. The resulting surface radiance is the
product of this irradiance and ρ(ŝj ; r̂), the BRDF of the surface:

dL(ŝj ; r̂) = ρ(ŝj ; r̂) dESj (2)

where r̂ is the unit direction vector of the exitant radiance. The
radiant exitance can then by found at Dk, the kth patch of the de-
tector aperture by choosing the exitant direction of radiance to be
the direction of the detector patch.

d2MSj ,Dk = dL(ŝj ; d̂k) d̂k · n̂ dωDk (3)

or

d2MSj ,Dk = ρ(ŝj ; d̂k) LS ŝj · n̂ dωSj d̂k · n̂ dωDk (4)

where d̂k is the unit direction vector of Dk and dωDk is the solid
angle subtended by Dk at dA.

In order to simplify notation, it is common to write surface en-
ergy equations in terms of the projected solid angle [30] rather than
the solid angle. Doing so, equation 4 becomes

d2MSj ,Dk = ρ(ŝj ; d̂k) LS dΩSj dΩDk (5)

where dΩSj and dΩDk are the projected solid angles of the source
and detector patches respectively.

The total radiant exitance passing through the detector is then the
double integral of d2MSj ,Dk over both apertures. We approximate
this by using the double sum and selecting an appropriately high
subdivision for each aperture.

MS,D =

K∑
k=1

J∑
j=1

ρ(ŝj ; d̂k) LS dΩSj dΩDk (6)

The source radiance, LS , is constant so this can be brought out of
the double sum:

MS,D = LS

K∑
k=1

J∑
j=1

ρ(ŝj ; d̂k) dΩSj dΩDk . (7)
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Figure 3: (left) Subdivision of light meter apertures using the 60 degree specular gloss specifications listed in Figure 2. The source and
receptor apertures are oriented in directions Θi and Θr , 60 degrees down from the surface normal, N̂ , in the plane of incidence. (right) Flux
passing through receptor aperture due to one source aperture subdivision. Aperture sizes are not to scale.

We now make the assumption that the radiant exitance is constant
over the total illuminated surface area A. With this assumption, the
total exitant flux passing through the detector aperture is:

ΦS,D(ρ) = A MS,D

= A LS

K∑
k=1

J∑
j=1

ρ(ŝj ; d̂k) dΩSj dΩDk

(8)

The BRDF, ρ, is explicitly listed as parameter of Φ to add clarity
for when we later compare the exitant flux resulting from different
surfaces.

2.4 Deriving Gloss Values

We now give an example of how the flux computed from the pre-
vious sub-section can be used to find a numerical standard gloss
value. The gloss value chosen for discussion is the specular gloss,
but similar techniques are used to derive the other gloss values.

The specular gloss defined by ASTM D523 is

G = 100
ΦS,D(ρsample)

ΦS,D(ρstandard)
(9)

The standard surface is smooth black glass with a refractive index
of 1.567. The blackness limits the exitant flux to that which is pro-
duced from first surface reflection while the smoothness ensures
that the reflection is all in the specular direction. The BRDF of the
standard is thus a function of the Fresnel reflectivity and a delta
function:

ρstandard(ŝj ; d̂k) =
F (n, ŝj ) δ(mirror(ŝj ) − d̂k)

dΩDk

(10)

where F is the Fresnel reflectivity for unpolarized light, n is the
refractive index of the standard, and mirror(ŝj ) is the unit mirror
direction vector of ŝj . The mirror direction vector can be computed
with:

mirror(ŝj ) = 2(ŝj · n̂) n̂ − ŝj . (11)

The delta function is:

δ(v) =

{
1 if |v| < ε,
0 if |v| ≥ ε.

Using (8) gives the flux reflected from the standard:

ΦS,D(ρstandard)

= A LS

K∑
k=1

J∑
j=1

F (n, ŝj ) δ(mirror(ŝj ) − d̂k) dΩSj (12)

This is computed off line and stored as a constant, for efficiency.
If, however, a customized light meter specification utilized variable
parameters, the standard flux value could easily be computed at run
time.

Lastly, the computed flux of the sample and the standard are ap-
plied to (9) to determine the specular gloss value:

G = 100

∑K
k=1

∑J
j=1 ρ(ŝj ; d̂k) dΩSj dΩDk∑K

k=1

∑J
j=1 F (n, ŝj ) δ(mirror(ŝj ) − d̂k) dΩSj

.

(13)
As is expected, the sample area and source radiance drop out of
the equation of gloss; specular gloss becomes a function of BRDF,
index of refraction and geometry.

2.5 Utilizing Gloss and Haze

Using a virtual light meter avoids some of the pitfalls of real light
meters. Unlike a real world surface, a virtual surface modeled with
an analytical BRDF doesn’t have imperfections or variations to be
concerned about. Whereas a real surface may have curves or macro-
scopic height variations, its mathematical counterpart can be as-
sured to be perfectly flat. Also, by having precise mathematical
definitions with defined tolerances, the virtual light meter avoids
real world manufacturing and thus avoids variances between light
meters.

While the analytical nature of the virtual light meter circumvents
several real world difficulties, the same computational scheme can
become problematic when used in the evaluation of a physically
based measurement such as gloss. Real world surfaces are domi-
nated by Fresnel effects, but this is not necessarily so with BRDF
models. Gloss and haze meters are designed to utilize these Fresnel
effects in measurements. For analytical BRDF models not utiliz-
ing Fresnel reflectance, the ASTM gloss measurements of 20, 60
and 85 degrees will generally produce variance only because of the
variance of the receptor aperture size. Other potential conflicts ex-
ist regarding characteristics of physically implausible BRDFs such
as lack of energy conservation and lack of reciprocity as discussed
by Lewis [27] and Shirley [40]. There are still advantages to the
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simplification of these BRDFs down to a gloss or haze values, but
the limitations must be kept in mind.

Several of the standard gloss measurements were computed for
three reflection models as shown in Figures 4 to 6. Figure 4 relates
specular gloss and haze to variation in the specular exponent for the
Phong model [33] as modified by Lewis [27]. Lewis’ modification
scales the specular coefficient with a function of the specular expo-
nent. Specular gloss and haze are displayed in Figures 5 and 6 as
varying with surface roughness respectively for the Ward [26] and
Cook-Torrance [14] reflection models.

As previously mentioned, the ASTM gloss and haze measure-
ments are designed to work with surfaces exhibiting Fresnel effects.
Any BRDF model which includes Fresnel reflection can be used
without modification in the virtual haze and gloss meter (as was
done with the Cook-Torrance model in Figure 6). BRDF models
which do not include a Fresnel term must be modified in order for
them to be compared to the Fresnel based virtual standard. This is
most easily done by scaling the sample BRDF by the Fresnel reflec-
tivity of the standard black glass at the specular angle of the haze or
gloss measurement. This technique was used in generating the data
for Figures 5 and 6.

Using the 20 degree specular gloss values obtained from the
Ward model (Figure 5), an image of tiles with decreasing gloss
values was rendered (Figure 7). These tiles, corresponding to 20
degree gloss values of 80, 60, 40, and 20, create the expected near
linear correspondence between appearance and gloss value. Sim-
ilarly, four tiles of increasing haze were rendered (Figure 8) us-
ing the 2 degree haze values computed with the Ward model. The
BRDF model roughness parameter values were chosen so as to pro-
duce 2 degree haze values for these tiles of 10, 60, 110 and 160.
The 20 degree gloss of all four tiles are set to 100 by scaling the
specular coefficient. This is possible since modifying the specular
coefficient changes the magnitude of the light reflection, but not the
relative distribution. Gloss is an absolute measure of the specular
flux while haze is a ratio of off-specular to specular flux.

3 Subsurface Highlights - Flop

In computer graphics the color of an opaque dielectric is typi-
cally modeled with Lambertian reflectance; the color is consid-
ered constant with respect to the viewing angle. This correlates
with the standard methods of color measurement used in industry
which are based on the same Lambertian (or near Lambertian) re-
flectance [31, 9, 13]. These methods use the geometries 0/45, 45/0,
0/diffuse, or diffuse/0, with the first number specifying illumination
angle and the second number specifying the detector angle. Mea-
surement of color by a single detector angle is sufficient if there is
relatively little angular variation in the object’s color (e.g. this is
the case with many scattering pigments). However, a single mea-
surement is not sufficient for goniochromatic (color changes with
angle) materials such as metallic and pearlescent paints.

Metallic paints are produced by combining metallic platelets
with colored particles or dyes in the paint substrate [10, 12]. The
platelets are oriented near parallel to the surface so that most of the
light is reflected near the specular direction while a small portion
is scattered diffusely (due to edge scatter). The colored particles or
dyes tint the light through selective absorption resulting in a bright
color in the near specular direction falling off to a dark color far
away from specular. This change in lightness, which is termed flop
(also called flip/flop, two tone, or metallic travel) can be seen in
Figure 9. A similar flop phenomenon is also achieved with pearles-
cent paint by using small flakes of mica coated with thin layers of
metal oxide [10, 12, 19, 20] which both reflect and transmit inci-
dent light. These thin layered platelets cause interference and thus
the flop phenomena in pearlescents involves variation in all three
coordinates of the color space rather than simply lightness [8].
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Figure 7: Tiles with measured 20 degree specular gloss values 80, 60, 40, and 20

Figure 8: Tiles with measured 2 degree haze values 10, 60, 110, and 160

As mentioned above, a single color measurement is insufficient
to characterize the color of goniochromatic material. Much work
has been done to determine the measurements required to character-
ize goniochromatic surfaces. Alman found that three angles are suf-
ficient for characterizing the flop of metallic paints [1]. The paints
were illuminated at 45 degrees from normal and were measured at
near the specular (15 degrees from specular), far from the specular
(110 degrees) and one more measurement in between (45 degrees).
Interpolation between these three measurements in CIELAB using
a second degree polynomial was found to produce acceptable re-
sults. These results were again verified by Rodrigues [34]. Saris, et
al. also determined that three similar angular measurements are suf-
ficient for capturing the flop of metallic paints [39]. They compared
instrument measurements to human observation and found the best
correlation at the angles 25, 45 and 110 degrees from specular with
light incident at 45 down from normal. Venable used a more com-
plex exponential based function to interpolate measured XYZ color
data from metallic surfaces [42]. He also found that three measure-
ment angles are sufficient to characterize flop and recommended us-
ing normal incident illumination measured at 20, 40 and 75 degrees
from specular. Interpolation of measured data may also be possible
by fitting the data to theoretical models. For example, Bridgeman
used radiative heat transfer theory to predict reflection from metal-
lic paint [11]. Additional discussions and comparisons of various
metallic paint measurement methods of metallic paints have been
presented by Rodrigues [35] and McCamy [28].

Although no standards have as yet been specified, the mea-
surement angles of existing instruments utilized in industry will
probably dictate standards. Currently there are working groups
in both the American Society for Testing and Materials (ASTM)
(sub-committee E12.12, Metallic and Pearlescent Colors) and the

Deutsches Institut für Normung (DIN) which are in the process
of discussing final specifications for standard measurements of go-
niochromatic surfaces [36]. It appears that the ASTM group will
accept the DuPont (i.e., Alman) angles of 15, 45 and 110 degrees
while the DIN will likely use 25, 45 and 75 degrees [9, 37]. The
three required angles of measurement have been assigned the terms
near-specular, face, and flop corresponding to the increasing aspec-
ular angles of the three measurements [5]. Common to both of the
proposed standards is the sufficiency of three angles of measure-
ment and the use of the 0/45 measurement (previously existing in
CIE color measurement standards) for the face measurement.

Pearlescent and other effects paints present more difficulty be-
cause of the additional angular dependency of chroma and hue as
well as lightness. Rodrigues showed that the original Alman model
can be used to measure and interpolate a* and b* values in addi-
tion to L* values using CIELAB [34]. Rösler used illumination at
four angles from specular but also allowed for surface tilt in three
positions to provide a total of twelve aspecular angles [38]. He
found that for many surfaces (e.g. metallics) three or four mea-
surements are sufficient. However for more complex interference
and effects surfaces, Rösler emphasized that more measurement an-
gles are possibly required. Another ASTM sub-committee (E12.14,
Multidimensional Characterization of Appearance) is interested in
developing instrumental and visual standards for multidimensional
goniochromatic surfaces. Results from this group are still pending.

Examples of measurements taken from the six metallic paint
samples in Figure 14 are shown in Figures 9, 10, and 11. The
L∗, a∗, and b∗ values were acquired at the five common aspecu-
lar angles of 15, 25, 45, 75, and 110 degrees. The data is easily
interpolated using a second degree polynomial of best fit as recom-
mended by Alman. The curves are clamped at the zero point of the

506



first derivative to ensure monotonicity.
In order to synthesize a picture of these paint samples, a BRDF

must be constructed from the data set shown in Figures 9, 10,
and 11. The BRDF is the ratio of differential radiance to differen-
tial irradiance for a given incident and reflected direction at a given
frequency of light:

ρ(Θi; Θr; λ) =
dL(Θi; Θr; λ)

dE(Θi; λ)
. (14)

The scale of this ratio generally determines a color’s lightness while
hue and saturation are the result of the BRDF’s variance with re-
spect to the wavelength of light.

In the absence of spectral data, a tristimulus version of the BRDF
must be constructed:

ρR(Θi; Θr) =
R(Θi; Θr)

πRmax
(15)

ρG(Θi; Θr) =
G(Θi; Θr)

πGmax
(16)

ρB(Θi; Θr) =
B(Θi; Θr)

πBmax
(17)

where R, G, and B are the transformed L∗, a∗, and b∗ values in a
specific RGB primary system and where Rmax, Gmax, and Bmax are
the maximum1 values assigned to the RGB color scale. The denom-
inator values scale the BRDFs so that direct reflectance of the refer-
ence light source off a perfect diffuser results in a computed BRDF
of 1/π for all three color channels. For light that travels directly
from the light source to the object and on to the synthetic camera,
a scene which utilizes only tristimulus values for source and mate-
rial reflectance will result in the same final tristimulus values as one
which incorporates the full spectral representation throughout.

This method has its limitations. In particular, significant inter-
reflections between surfaces with high spectral variability should be
avoided. This also applies to self reflection, so convex objects are
preferable. Reflection off gray surfaces (equal energy at all wave-
lengths) will not produce any difference between the two represen-
tations. It is also important to realize that the spectrum of the source
is bound at the point of its conversion to tristimulus values. In or-
der to utilize a light source with a different spectral distribution, the
tristimulus values must be recalculated or remeasured.

When applied to the determination of the BRDF of metallic or
pearlescent paints, the rather daunting task of measuring the tris-
timulus values at all possible incident and reflected directions as
required by (15) through (17) is greatly simplified by using Al-
man’s method. As described above, Alman proposed the mea-
surement of those surfaces at three critical aspecular angles (i.e.,
near-specular, face, and flop) with interpolation at other angles per-
formed in CIELAB space. Although Alman’s original work was
related to measurement and interpolation within the plane of inci-
dence, good results have been achieved by extending this to mea-
surements out of plane, defining the aspecular angle to be

θα = acos((Θi − 2(Θi ·n̂)) ·Θr),

the angle between the reflected and specular directions. Thus the
four spatial dimensions of the BRDFs presented in (15) through

1Colorimetry is typically defined for Lambertian surfaces. The maxi-
mum value is defined as the value obtained by direct reflection of the ref-
erence light source off a perfect diffuser. Clearly this maximum value can
be exceeded in the context of a non-Lambertian surface, where the BRDF
value can approach infinity.
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Figure 9: L* values vs. aspecular angle for the metallic paint sam-
ples shown in Figure 14
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Figure 10: a* values vs. aspecular angle for the metallic paint sam-
ples shown in Figure 14
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Figure 11: b* values vs. aspecular angle for the metallic paint sam-
ples shown in Figure 14
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Figure 12: BRDF for a light blue metallic paint combined with a
BRDF for a surface with 20 degree specular gloss of 10.

(17) can be reduced to one:

ρR(Θi; Θr) = ρR(θα) =
R(θα)

πRmax
(18)

ρG(Θi; Θr) = ρG(θα) =
G(θα)

πGmax
(19)

ρB(Θi; Θr) = ρB(θα) =
B(θα)

πBmax
. (20)

A picture of such a BRDF for a light blue metallic paint is shown
in Figure 12.

An image (Figure 13) of three vases modeled with the computed
metallic BRDFs was rendered, using a modified shader, in Radi-
ance [25]. The data for the three vases was taken from Figures 9
to 11. The expected change in lightness is readily apparent on the
surface of the vases, giving them a strong sense of metallic reflec-
tion. The result is comparable to that found in [41] even though
a spectrogoniophotometer was not used to measure the surface re-
flection.

Figure 13: Three vases with metallic paint but no clear coat

Figure 14: Photograph of clear coat finish on metallic paint

4 Combining First Surface and Flop

The two most important components of the appearance of an ob-
ject are its color and gloss. The above discussion provides a means
of obtaining gloss and color values using tested and reliable mea-
surements. These two attributes can then be combined to produce a
more convincing synthetic image.

Consider the paint samples shown in Figure 14, each paint sam-
ple consists of metallic paint covered by a clear coat finish. Light
incident on the surface is first scattered by the clear coat resulting
in a perceived gloss of some measurable value. The remaining light
enters the surface and some of this is reflected out based on the
measurable flop values. Here we make the simplifying assumption
that the total BRDF can be obtained by simple summation of the
first surface and subsurface reflectances:

ρ = ρfs + ρss.

Figure 15 shows vases modeled with the measured subsurface
reflectance of metallic paint along with a first surface of perfectly
reflecting (G = 100) clearcoat finish. The image of Figure 16 is
rendered using a first surface reflection with a 20 degree specular
gloss of 10 and 60. The BRDF used for the shell with gloss of 10
is shown in Figure 12. The first surface is achieved by using the
Ward reflection model with surface roughness chosen to produce
the particular gloss values. The data for the vases and shells in
Figures 15 and 16 were taken from Figures 9 to 11.

5 Conclusion

Standard appearance scales, such as gloss and haze, can be used to
set the parameters of existing computer graphics reflection models.
An advantage to this approach is that it lets the user of these models
work with terms that correspond to the effect that these terms have
on the appearance of the rendered object. This is far more intuitive
than adjusting the specular exponent in the Phong model or the sur-
face roughness in the Ward or Cook-Torrance models. In addition,
paint and coatings experts have attempted to give these appearance
scales a psychophysical component so, for example, there is a uni-
form change in gloss as it increases from 0 to 100.
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Figure 15: Three vases with metallic paint and a first surface of
gloss 100

The values to be employed for gloss and haze in the reflection
models can be determined using inexpensive measurement instru-
ments. This makes it possible to model the appearance of an exist-
ing object by making a few simple measurements. In the majority
of appearance applications, the expense of a spectrogoniophotome-
ter and the full generality of a BRDF are not required. A surface
as complex as a metallic or pearlescent automotive finish can be
rendered using as few as four data values: one gloss measurement
in the specular direction and colorimetric measurements in three
critical aspecular directions.

The use of standard appearance scales makes it possible to pro-
duce equivalent renderings using two different surface reflection
models. For example, the Phong model, which is built into the
OpenGL standard, could be used in an interactive program to se-
lect the gloss for a surface. This value for gloss could then sub-
sequently be used in an offline rendering system that employs the
Cook-Torrance reflection model. The appearance of the rendered
objects would be comparable even though the reflection models
employed were different. This is similar to using CIE tristimulus
values to achieve the same object color from two different image
synthesis programs.

Finally, there is a rich symbiotic relationship that exists between
the appearance industry and the field of computer graphics. The
use of standard appearance scales to set the parameters of reflec-
tion models makes it easier for appearance professionals to employ
computer graphics in their work. This may eventually lead to a
set of computer-aided color appearance design tools similar to the
computer-aided geometric design tools that have been used in au-
tomotive and aircraft companies for thirty years [29]. There is also
much that the computer graphics community can learn from the
color appearance discipline. A century of experience in control-
ling real world appearance is clearly relevant to our comparatively
recent attempts to design and render synthetic environments.

Figure 16: Two automotive shells with 20 degree specular gloss of
10 and 60
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