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Abstract

The color of automotive coatings varies with illumination and
detection angles. For 3D rendering of these coatings currently two
categories of methods exist, aiming at either color accuracy or at
computational speed. Current methods that aim for color accuracy
are based on measurement data from BRDF instruments. Since
many hundreds of measurement geometries are needed to capture
the color variation with angles, these methods require time-
expensive interpolation of large three-dimensional Look-Up
Tables. Current methods that aim for computational speed use
physically crude approximations, usually taking into account color
variations with respect to only one of the four angular dimensions.

Here, we derive a new approach for 3D rendering of
automotive and other gonio-apparent coatings, which is a
dedicated form of microfacet models. It aims at improved color
accuracy as compared to the current computationally inexpensive
methods, combined with higher computational speed and lower
cost as compared to current color-accurate rendering techniques.
The new approach utilizes a recently developed physical analysis
method, introducing flake-based parameters and isochromatic
lines, for the reflection properties of automotive coatings. This
makes it more accurate than current fast rendering methods. The
new method naturally leads to two- rather than three-dimensional
Look Up Tables, which explains the small computation time it
needs. We show that when applied to 3D rendering, this method
indeed leads to accurate 3D rendering of automotive coatings
while requiring reduced computation times. For numerical errors
found in some special cases, solutions are found and tested.

Introduction

The technology for 3D rendering has developed fast over the
past decades. Computer generated images of 3D scenes have
become commonplace in the movie industry, advertisements and
many other business areas. Because of a strong increase in
computing power and software sophistication, the resulting images
often suggest a photorealistic quality. Notwithstanding how
striking the images thus produced often are, they are often not
realistic [1], and the color accuracy is not good enough for critical
applications such as automobile design [2].

Effect coatings such as metallic and interference paints are
increasingly used in the automotive industry, packaging, consumer
electronics, cosmetics etc. To render a three-dimensional object
such as a car that carries this type of paint, the algorithms need to
account for the fact that the color of these materials varies strongly
with viewing and illumination angles. Generally, reflectance
depends on the polar angle 6 of illumination, and on the polar
angle 6, and the azimuthal angle ¢,, of the detector (or
camera/observer). Therefore often the reflectance properties of the
material are measured for a large number of combinations of these
three angles. For this goal, special BRDF instruments are
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commercially available. For accurate sampling of each of the three
angles, at least a few hundred measurement geometries are needed.

For 3D rendering purposes, the reflection properties need to
be determined at each surface element, with local values for the
illumination and detection angles 6, 6., and @,,.,. For accurate 3D
rendering purposes, this requires interpolation of the large three-
dimensional Look Up Table representing the set of BRDF
measurement data. This explains why for 3D rendering of
automotive coatings, current methods that aim for high color
accuracy are expensive in terms of computational time and
required data storage. Obviously, several alternative models have
been proposed in the past to reduce computation times and
memory requirements, such as the well-known reflection models
from Phong, Blinn, Ward and Cook-Torrance [3]. Although these
models represent various levels of accuracy, they all involve the
rather crude physical approximation that the angular variation of
the reflectance is assumed to depend on only one angular
parameter (only anisotropic microfacet models such as the one
from Ashikhmin and Shirley [3] use two angular parameters like
the one proposed here).

This approximation is also made when assuming that the
angular variation of reflectance can be described as a function of
aspecular angle (i.e. the angle with respect to the mirror angle)
only. This approach was taken for 3D rendering applications by
e.g. Meyer, Dumont-Bécle and others [4][5][6]. That approach has
the advantage that the full 3D rendering can be based on reflection
measurements at only a few measurement geometries from
common multi-angle spectrophotometers. By interpolating the
reflection data using the aspecular angle as the only parameter, a
3D rendering approach is thus formulated that is computationally
fast, does not require much storage space, and uses a common
multi-angle spectrophotometer rather than expensive BRDF
instrumentation. We note that the Blinn model and the Torrance-
Sparrow model have the same advantage.

However, the assumption that reflection properties depend
only on the aspecular angle is far from exact. Even for metallic
coatings this assumption easily leads to quantitative errors as large
as dE,, = 5 to 10 (for examples see e.g. Figure 5 in Ref.[7]). For a
qualitative visualization of the lightness flop effect of metallic
coatings this level of accuracy may be adequate. But especially for
the interference pigments that are part of many automotive
coatings, the assumption that reflection properties depend only on
the aspecular angle is very crude. For example, Cramer showed
how the reflective properties of coatings containing interference
pigments vary strongly (dE,, > 30) with illumination angle, even
when the aspecular angle is kept constant [8]. For such coatings,
all three color dimensions have such a subtle dependence on
illumination and detection angles that it cannot be effectively
parametrized by aspecular angle only.

In the present paper we propose an alternative approach that
provides color-accurate results in a way that does not require much
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computation time. The new approach is based on so-called
isochromatic lines, a concept that is reviewed in section 2. Its
application to 3D rendering is discussed in section 4. In section 3
we introduce color maps as a convenient way to represent the
source data for 3D rendering. Section 5 discusses numerical
problems that may arise with this approach, together with three
different methods to solve those problems. Finally, examples of 3D
rendering in which these solutions are used are shown and
discussed in the last sections.

We note that in this article we will not address rendering
methods to account for sparkle and other texture effects. This is a
separate area, for which improved approaches have been published
recently [9][10].

The concept of isochromatic lines

For 3D rendering, it is necessary to find a good representation
for the reflectance properties for any combination of the three local
angles 6y, 6., and ¢,,,. When BRDF measurements are used, this
is done by interpolating the typically hundreds of data points in the
three-dimensional space spanned by these three parameters.

However, we will show that with the recently developed
methods that introduce flake-based parameters and isochromatic
lines (or isolines, in short), it is possible to represent the full BRDF
in an effective two-dimensional space, because we are able to
convert any out-of-plane geometry into an in-plane geometry,
characterized by @, = 0° or 180°, for which the same reflection
properties are expected. In a previous publication we showed that
this approximation has an average accuracy that ranges from dE,;,
= 1.2 to 1.6 [11]. For 3D rendering purposes this is considered as
highly accurate.

The method to convert a set of values for 6, 6, and @,
generally referring to an out-of-plane geometry, into the
corresponding in-plane angles &'y, €'y, and @', (With ¢’;,, = 0° or
180°) is as follows. The basic idea is that for effect coatings, the
relevant physics takes place mainly at the microscopic surface of
the flake pigments inside the coating. Therefore the conventional
method to express reflection properties as a function of
illumination and detection angles (6, 6, and ¢,,,) with respect to
the normal vector to the macroscopic coating surface is not
effective. Instead, it is better to express such properties as a
function of angles with respect to the normal vector to the flake
pigments. The various parameters are 6,,. (angle of incidence with
respect to flake normal), G4 and @, (polar and azimuthal angle
of the flake with respect to coating normal). These parameters are
illustrated in Figure 1. We note that the conventional notation of
angles also defines the aspecular angle, with

0as;7ez? =0On+ edet if ¢det =0°

0as;7ez? =0y - 0det if ¢det =180°

We also note that this approach may be seen as a variation of
microfacet theory, since the reflection from flakes is similar to
reflection from the microfacets of a rough surface. Microfacet
theory has been used for 3D rendering models such as the
Torrance-Sparrow model, the Blinn model and the Ashikhmin-
Shirley model [3]. The main difference with microfacet theory is
that in the new approach for rendering effect coatings the paint-air
interface above the flakes is accounted for.

The derivation of the equations relating both systems of
parameters with each other can be found in Refs.[7] [11]. Here, we
only present the main equations. We use equations (1) and (2) to
calculate the parameters 6, 6, , which are the angles of incident
and exiting light (cf.Fig. 1).
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Figure 1. Definition of angles for flake-based parameters.
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Assuming that only light will reach the detector if it is reflected
from a flake inside the paint, we derived expressions to calculate
the angle 6,,. of the incident light with respect to the flake normal,
and the polar and azimuthal angles that determine the orientation
of the flake, Gy and @, respectively:
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Isolines are defined as the set of measurement geometries for
which the parameters 6,,. and ¢, are constant.

Along an isoline, the parameter @, is allowed to vary. We
will assume that the coating has been applied in such a way that its
reflection properties do not change with azimuthal rotation of the
sample. Physically, one expects that all measurement geometries
on an isoline produce very similar reflection data, because the
interesting physical parameters in all those geometries are
identical. In a previous publication we showed that this is indeed
the case with high accuracy [11].

Generally, the two in-plane geometries on an isoline are found
by setting either @y, = 0° or @gu, = 180°. With the parameter
values for .., Gy and @y thus found, we calculate the value of
cos(@’;) by using one of the two roots of eq. (5):

cos =

08 0 gy, €086, T8in 64, cOSP 4, SO 5)

-2 -2
1=sin” 6 g, sin” @y,

SO = \/ sin” @, —sin’ 0 fake SIN : P f1ake

Here, @', is the angle of incidence inside the paint, for the in-
plane geometry that falls on the same isoline as the out-of-plane
geometry under investigation. The corresponding value for
sin(@’;), including its proper sign, is found from eq. (6).
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Using eq.(7), we then calculate cos(é’;) and hence the value
of @,, which is the exit angle of the light inside the paint. By using
Snell’s law (similar to equations 1 and 2) it is then straightforward
to calculate @'y, @', and ¢, , where the latter will be either 0° or
180° because it is an in-plane geometry.

In this way, one in-plane geometry is found. The other in-
plane solution is found by either using the other root of eq. (5), or
(equivalently) by using the other value of @, to start with. The
two in-plane geometries are related to each other by exchanging
detector and illumination, according to the Helmholtz reciprocity
principle [11].

Color maps

In order to test the isoline approach for 3D Rendering, we first
created a color map that represents the reflection data from a
BRDF instrument. From section 2 it is clear that in the isoline
approach the reflection data can be expressed as a function of the
two parameters &'y, and €4, which are the illumination and
detection angle of the equivalent in-plane geometry. There are two
solutions to this procedure, one for ¢, = 0° and one for ¢y, =
180°. Since both solutions coincide for 8’;,, = 0°, all results can be
represented in a single color map as shown in Figure 2.

a. b

Figure 2. Color maps from actual BRDF measurement on (a) typical metallic
(sample 7 in Ref.[12]), (b) extreme interference pigment (sample 13).
Horizontal axis: parameter cos(0’y) Vertical axis: cos(®’get).

In Figure 2, the parameters cos(&’;;) and cos(&',,;) are shown
on the horizontal and vertical axis, respectively. The top half of the
figure shows the case for ¢, = 180° (i.e. light source and detector
are at opposite sides of the normal vector to the coating), whereas
the bottom half corresponds to ¢4, = 0° (i.e. light source and
detector are on the same side). For each point in the graph, we will
assume that reflection data is available. This may be direct
measurement data from a BRDF instrument, or for example
reflection data interpolated from multi-angle spectrophotometer
measurements.
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In the color map, reflection data is represented by the RGB
values of pixels, rather than by the full recorded reflection
spectrum for each pixel. This not only makes visualization of the
color map much easier, but it is also a necessary step since
eventually we need to produce colored RGB-pixels for the
rendered image. In the present article, we will use standard sSRGB
space. Obviously, the isoline method for 3D rendering can be
combined with other RGB spaces as well.

The data shown in Figure 2 are actual data from samples 07
and 13 mentioned in Ref.[12], taken with a BRDF instrument. This
is the GEFE, the gonio-spectrophotometer developed at the
Instituto de Optica in CSIC (Madrid) [13][14]. It allows the
spectral BRDF to be measured at any geometry, including out-of-
plane and retro-reflection angles. With this instrument, the polar
angles for illumination and detection were sampled in steps of 10°,
and the azimuthal angle with steps of 30°. This resulted in
reflection data for 448 different geometries for each sample.
Details about the measurements and the samples that we
investigate here were already published before [12].

In Figure 2, the white diagonal in the top half of each figure is
easily identified with angles close to the gloss angle. We will call
this white diagonal the gloss line in the color map. From the
measurement data shown in Figure 2 the contribution from direct
reflection at the air-paint interface (gloss) was already subtracted
by calculating the Fresnel equations. If needed, gloss can be
explicitly added afterwards in the calculations in the shader, but
this was not done for the renderings shown in the present article.

In Figure 2a, we show a color map that is typical for a
metallic coating. The sample chosen was a coarse metallic in a
green transparent medium (sample 07 in Ref. [12]). The color
variation in Figure 2a is mainly due to changes in lightness.
Lightness is shown to vary mostly in the direction perpendicular to
the gloss line, i.e. along lines for which’ 8y, + &', is a constant.
As we will see below, this is exactly the direction for which the
aspecular angle changes most. Therefore Figure 2 confirms that the
aspecular angle is an important parameter for describing the
angular variation of the color of metallic coatings.

Figure 3. Color map generated for this investigation, based on BRDF
measurements on sample 13 of Ref.[12] after bilinear interpolation.

In Figure 2b, a typical color map is shown for an extreme
interference pigment. It is a Chromaflair Green Purple pigment
(sample 13 in Ref. [12]). In this Figure, we recognize again the
lightness variation with aspecular angle that we already discussed
for the metallic sample. However, in Figure 2b we see that there is
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also a considerable variation in hue and saturation. This variation
takes place in a different direction than what can be described with
the aspecular angle. Therefore, this Figure already shows that one
parameter is not sufficient for describing the full color variation of
effect coatings.

For testing and illustrating the new concept for 3D Rendering,
we have applied bilinear interpolation on the color map for sample
13 from Ref.[12], that was already shown in figure 2b. This
resulted in the color map shown in Figure 3.

Isoline-based 3D Rendering

We have programmed the method of isoline-based 3D
Rendering, explained in section 2, in a shader algorithm for 3D
rendering. If we apply this shader to the color map shown in Figure
3, the two images shown in Figure 4 are produced. In this case we
show a sphere that is illuminated from almost exactly behind the
detector (Figure 4a), or from a place somewhere aside (Figure 4b).
When the illumination is coming from exactly behind the detector,
the 3D Rendering method shows a satisfactory image. In this case
the analysis is straightforward, because the symmetry in the set-up
shows that for all surface elements of the sphere the local
illumination and detection angles are in-plane.

4
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Figure 4. Sphere illuminated from (a) almost exactly behind the detector, or
(b) more from aside. Both images were generated with the isoline-based 3D
rendering method proposed in this article.

When the light source rotates to a place that is close to but not
exactly behind the detector, then the only points on the sphere with
local in-plane illumination/detection geometry are the points that
lie in the horizontal plane (i.e. the plane containing the detector,
the light source and the center of the sphere). Figure 4a shows that
the isoline-based 3D rendering method is able to produce a
convincing image for many of the other points as well. If only the
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aspecular angle would have been used, the variation in color hue
and saturation would not have been produced. However, near the
edges of the sphere the rendering method shows numerical errors.
These are indicated by dashed lines in Figure 4a. When the light
source moves to a place even further to aside, the area with
numerical errors appears becomes larger as shown in Figure 4b. In
the next section, we will investigate the origin of and solution to
these errors.

Limitations of the isolines concept

The algorithm to calculate 6z, Ou: and @ w: based on
equations (1) to (7) showed error messages in some cases. We
found that these errors arise in the final step of the calculation,
ie. after evaluating (7). At that point, in certain cases inside the
paint either the angle of incidence 67 or the exit angle 62
exceeds the so-called critical angle.

( n ] ®
6/, 286, =arcsin| —4—
ncoat

From classical optics it is known that for angles exceeding the
critical angle, total reflection occurs at the paint-air interface. This
is not accounted for in Snell’s equations.

Using Snell’s equations (1) and (2), the resulting value for
sin(@y) or sin(@',,) would be larger than 1, which makes
calculating @’y or 6',,, mathematically impossible. However, the
reason why this computation problem arises is physical in nature.
If ¢, > &, the incident angle inside the paint is so large that
according to Snell’s law it cannot be the result of refraction from
light at the air-paint interface. Therefore this light can only
originate from total reflection of light inside the paint, at the paint-
air interface. If 8, > @', total reflection at the paint-air interface
prevents light from leaving the paint. In that case, light needs to be
reflected from another flake, or from other reflecting particles in
the paint.

Both cases are not described by the simple approximation of
single flake scattering that underlies the concepts of flake based
parameters and isolines [7]. From Fig. 1 it is clear that the
numerical problem arises for geometries that have

" ©)]
: air
Oine + O frage > arcsin| —=—
ncoat

In those cases, we end up with the situation that we need to
calculate &';; = arcsin(x) or &'y, = arcsin(x) for a value of x>1. We

found three solutions for these cases:

A. Clipping by complex analysis

We may use the analytical continuation of the arcsin function
in the complex plane as a method to mathematically continue
the calculations. For real values of xwith x > 1,

ﬂxz -1 + x|

For 3D rendering applications, the imaginary part of this
expression remains much smaller than the real part, and we may
consider approximating the full expression by ignoring the
imaginary part. In that case, equation (10) shows that we can clip
the arcsin(x) function to 90° in case x>1.

From the point of view of optics, this approximation means
that we use reflection data that has been measured for the case
where &' is close to but smaller than 90°. This data is then

; (10)
arcsin(x) = z_ Ln
2 2

157



assumed to be also valid for the problematic cases where €';; > 90°
(and a similar argument can be made for ’;,,) This can be justified
because if & is close to but smaller than 90°, the reflection
properties are already dominated by the transparent medium
surrounding the flakes, and/or by light having experienced multiple
rather than a single reflection from flakes. Since that same
situation holds for the case 8’;; > 90°, clipping these expressions at
90° seems to be a valid approximation.

B. Vector analysis in the color map

Cases where 'y > 90° (or &4, > 90°) are obviously
unphysical, because they represent the situation in which the light
source (or detector) is positioned below the coating surface. We
already saw that complex analysis provides an argument to solve
the numerical errors in such cases by clipping the arcsin(x)
function. Another solution may be found by calculating cos(&’;).
For @’;; > 90°, the cosine can still be calculated. Since the color
maps in fact do not show &', versus &' , but cos(8,,) versus
cos(&’;), this means we are looking for a continuation of the
colormap to the right hand side.

As an example, we are interested in describing the colors at
points a, b and ¢ in Figure 5. We now see that the clipping method
just described means that the colors for these points are taken from
points a’, b’ and c¢’. However, because of the large role of the
aspecular angle in analyzing reflection properties of effect
coatings, it may be preferable to take the colors for points a, b, ¢ all
from the same point a” instead (or, equivalently, from point e’).
This point is found by moving along the aspecular direction (i.e.,
perpendicular to the gloss line) until we reach the point with 8’y =
90°. This construction is easily implemented in a shader, as it
comes down to a simple vector operation on the color map.

Figure 5. Color map illustrating the problem of finding colors for which
cos(6 y)<0.

C. Removing the critical angle

A third solution to the numerical errors is found by explicitly
removing the physical phenomenon that causes them, which is the
critical angle. The critical angle appears because the refractive
index of the coating (approximately 1.5) differs from the value for
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air. As an alternative method to remove numerical errors, we can
numerically change the refractive index to 1.0.

Discussion

All three approaches are numerically feasible, and can be
programmed in a shader for 3D rendering. They all represent
approximations that are added to the physical assumptions on
which the concepts of flake-based parameters and isolines are
based. The numerical errors that these approaches aim to solve do
not occur for the vast majority of out-of-plane geometries, and if
they do occur this usually happens for geometries for which rather
dark reflections are expected. The numerical errors do not occur in
regions closer to the highlights in a 3D rendering scene, except in
the top-right area of the color map. This area refers to situations in
which &'y, and 6’ are both slightly smaller than 90°. This occurs
for surface elements positioned almost exactly between the light
source and the detector, with light incident on a locally very
oblique, grazing angle. This is a situation where the color of an
automotive coating is very hard to judge, and has little impact on
the perceived color accuracy of the rendering. Therefore we think
it is fair to make these assumptions in 3D rendering applications.

C

Figure 6. Examples of sphere rendered with methods proposed in this article,
using (a) method A: clipping, (b) method C :removing the critical angle, and (c)
method A and also accounting for projected solid angles.

Examples of the resulting rendering are shown in Figure 6a,
6b and 6¢. All three figures show practically the same rendering
scene as in Figure 4b. The numerical errors that plagued Figure 4b
are shown to be solved in an aesthetically convincing way. In
Figure 6a this is accomplished by method A (clipping), whereas in
Figure 6b this is realized by method C (removing the critical
angle). Although a close investigation does reveal differences
between Figure 6a and 6b, it is clear that both approaches lead to
very similar renderings. In Figure 6¢c we have also accounted for
the projection factor of solid angles, which decreases the contrast
on the borderline between highlighted and shadowed parts of the
sphere.
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Conclusions

In summary, we conclude that we have found an approach to
3D rendering in which the many out-of-plane geometries that are
met during rendering can be effectively mapped onto equivalent
in-plane geometries. Instead of needing three dimensions (8, G,
and ¢,,,) to characterize the local illumination and detection
geometry at a surface element, we found that it is possible to use
only two dimensions (&’ and &’y,). This makes the use of Look
Up Tables in 3D rendering applications much faster, because we
now need interpolation in two rather than three dimensions.

With the isoline-based rendering approach, real time
rendering becomes possible without needing the rather crude
physical models that are currently used for rendering effect
coatings. In Figure 7 we show two rendering examples, illustrating
the new method for a typical metallic coating (sample 7 of
Ref.[12]) and a typical extreme interference coating (sample 13).
The lightness gradient for the metallic sample produced by the
isoline-based rendering method is significantly different from
gradients found with conventional rendering models. For the
extreme interference coating, the new method is able to capture the
hue gradient that is characteristic for this type of coatings.

The method was illustrated in combination with sSRGB color
space, but it is equally applicable in combination with any other
color space. We note here that the rendering method proposed in
this article can also be used to characterize the angular dependence
of the reflective properties of effect coatings by much fewer
measurement geometries than by a full BRDF. The method is
applicable to any gonio-apparent coating that is based on flake
pigments. For example, standard practice in automotive and paint
industry is to characterize metallic paints by reflection
measurements under three different geometries [15][16]. Three
more geometries are added to also characterize pearlescent
coatings [7]. Therefore common multi-angle spectrophotometers
address only a few geometries, and all these geometries are in-
plane. With isolines we can use such in-plane reflectance data to
find approximate but highly accurate reflectance values for any
(in-plane and out-of-plane) geometry [17]. We plan to investigate
this approach further in the future.
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b

Figure 7. In these 3D rendering examples of the Utah teapot we used the isoline-based rendering method developed in this article,

using the proposed clipping method. Color information is based on the BRDF measurements on metallic sample 7 from Ref.[12],
and extreme interference sample 13.
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