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We propose a new approach to interactive
design of metallic and pearlescent coatings,
such as automotive paints and plastic fin-
ishes of electronic appliances. This approach
includes solving the inverse problem, that
is, finding pigment composition of a paint
from its bidirectional reflectance distribution
function (BRDF) based on a simple paint
model. The inverse problem is solved by two
consecutive optimizations calculated in real-
time on a contemporary PC. Such reverse
engineering can serve as a starting point for
subsequent design of new paints in terms of
appearance attributes that are directly con-
nected to the physical parameters of our
model. This allows the user to have a paint
composition in parallel with the appearance
being designed.

Key words: Appearance design – Paint mod-
els – Reflection models

In the world of global competition, the consumer’s
decision is strongly affected by the product design
and appearance. Therefore, the possibility of analyz-
ing many design variants in a short time and at low
costs becomes crucial for design efficiency. In this
paper, we focus on the appearance problem involv-
ing the objects coated with metallic, iridescent and
pearlescent paints. Ideally, the artist should deal with
familiar appearance metaphors, so that the technical
issues of tuning the model to achieve the required ap-
pearance can be hidden from him or her.
We propose a solution to the problem of calculating
the composition of a paint from its appearance. We
show that the appearance can be used to define the
paint bidirectional reflectance distribution function
(BRDF), which can be produced by a real paint com-
position and has the desired appearance attributes. At
this point the inverse problem is the only choice to
solve the composition parameters for a given BRDF
from appearance.
In our earlier work [6], we discussed the problem
of predictive paint rendering based on paint com-
position. Since the paint is designed by the artist,
who is often unfamiliar with paint manufacturing
technology, our paint design and rendering solu-
tion is not well suited for appearance design. More-
over, changes of some paint composition parameters
may lead to undesirable interactions between paint
appearance attributes, for example, the density of
metallic flakes in a multilayered paint may affect
both glitter intensity and shade color.
The paint design artist is provided with the oppor-
tunity to design a paint that can be manufactured
along with all essential information necessary for its
manufacturing. This is achieved exclusively by ma-
nipulating the paint appearance attributes with im-
mediate visual feedback. The artist deals with the
macro-appearance attributes such as gloss and shade,
and micro-appearance attribute such as glitter com-
monly used to quantify the appearance of metallic
and pearlescent paints [13] (Fig. 1). All attributes de-
fine the shape of the BRDF. Our solution operates on
uncoupled attributes, which can be set or changed in-
dependently.
We take into account the technological constraints
imposed on the paint composition, which means that
the artist can modify the paint appearance attributes
only within the limitations dictated by the paint man-
ufacturing process. Our solution is limited to two-
layer paints, which are commonly used in industrial
practice.
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Fig. 1a–c. Paint appearance at-
tributes: shade, glitter, and gloss.
a Cross-section of measured BRDF
of a pearlescent paint at φ = 0◦
(see Fig. 3 for the exact inter-
pretation of angles in our BRDF
model). The paint views magnified
4 (b) and 8 (c) times

In the following section, we discuss previous work
on the inverse problem solutions in realistic render-
ing and recall the reflectance models that incorpo-
rate object appearance. In Sect. 3, we introduce the
paint composition parameters used by paint design-
ers and used in our paint model. We discuss the
relation between the appearance attributes and sur-
face reflectance described by the BRDF in Sect. 4.
The forward paint problem, converting composition
parameters to BRDF is summarized in Sect. 5. We
propose a new method to find the paint composi-
tion for a given BRDF in Sect. 6, the numerical
solution to the inverse engineering problem is also
proposed there. Correspondence between the appear-
ance attributes and the composition parameters are
discussed in Sect. 7. The results obtained using our
techniques are presented in Sect. 8. Finally, we con-
clude this paper and propose some directions for fu-
ture research.

2 Previous work

In this section we discuss previous work on the in-
verse problem in lighting design where light source

positions and reflectances are optimized to obtain de-
sired light distribution. Also, we discuss the relation
between reflectance functions and object appearance
as perceived by the human observer for metallic and
pearlescent paints. However, to our knowledge, the
inverse problem of the material structure reconstruc-
tion based on its appearance has not been previously
addressed.
Schoeneman et al. [18] focused on the problem of au-
tomatic selection of light source intensities and col-
ors based on the desired lighting distribution painted
by the artist directly onto the surfaces of a 3D scene.
The constrained least-square approach was used to
find the best match to the desired lighting distri-
bution in the scene under the assumption that the
positions of lights are predefined, and their num-
ber is fixed. Their system responded at interactive
speeds.
Kawai et al. [11] chose as the optimization variables,
the Lambertian surface reflectivity, light source in-
tensities, and spotlight directions. Their optimization
criteria are based on subjective impressions of il-
lumination with qualities such as “privateness” and
“pleasantness.”The system required a few minutes to
perform the optimization.
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Fig. 2. Composition of two-layer paint

Poulin et al. [16] optimized the position of light
sources based on the artist provided sketches of
shadows, penumbra or highlights. Their system re-
sponded interactively, but essentially only primary
lighting was considered.
Costa et al. [3] discussed the inverse global illumi-
nation problem for environments with general re-
flectance properties. The search in the domain of
free parameters describing the light sources was per-
formed using the simulated annealing optimization
method, and the Radiance system was used to up-
date the cost function for newly set parameters. The
optimization computation required single hours to
process the scene examples discussed in the paper.
Pellacini et al. [14] proposed a new reflection model
for image synthesis based on the psychophysical
studies of gloss perception. First the perceptually
meaningful gloss appearance dimensions were iden-
tified as the contrast gloss and the distinctiveness-of-
image gloss. Then scaling the gloss variations along
those dimensions was performed to make them per-
ceptually uniform. Finally, Ward’s BRDF model was
extended to control the attributes of gloss appearance
in images. As a result the physically based light re-
flection model was transformed into psychophysical
model, which can be more useful for the artist be-
cause of the uniform scaling of the perceived gloss.
Westlund and Meyer [22] opted for using standard
appearance scales to select parameters of commonly
used reflection models such as the Phong, Ward, and
Cook-Torrance models. For this purpose, the virtual
light meter concept was introduced to derive the val-
ues of appearance parameters as a function of re-
flection model parameters. This made possible re-
parameterization of the reflection models in terms

of the appearance measurements. Since the measure-
ment of appearance is well established and standard-
ized it became possible to set parameters of the re-
flection models based directly on the appearance.
This simplified significantly the use of the reflection
models by the artist who should be familiar with the
standard appearance scales.
The above reflection models do not have any well-
established relation to the structure of real world ma-
terials that is behind the appearance obtained in the
images.
In this paper we address specifically the problem of
modeling layered material structures. This problem
has been addressed by many researchers [4, 5, 8, 10,
15, 21]. Some have specifically investigated mod-
eling metallic and pearlescent paints [1, 2, 6, 19].
These works are relevant to our current research in
terms of paint rendering, but they do not address the
inverse problem of deriving the material structure
based on its appearance.

3 Paint composition

Two-layer paint is the simplest paint that has all pri-
mary appearance attributes [13]. Therefore, we re-
strict our consideration to two-layered paints that are
composed of a colored substrate layer covered by
a binder layer containing flake pigments (see Fig. 2).
Let us now characterize briefly those two layers and
composition parameters used to describe their re-
spective properties (see Table 1).
The substrate layer is a solid paint film. Its re-
flectance is determined by the properties of dielectric
pigment particles such as the particle size and den-
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Table 1. The composition parameters used to describe the prop-
erties of paint layers

Parameter Explanation

Binder:
w Highlight peak width
η Refractive index of the binder

rη Fresnel reflectance of binder surface with
the refractive index η

h Thickness of paint layer
Flakes:

D Volumetric density of flakes
δ Variation of flake orientation

〈S〉 Mean flake area
r , t Reflectance and transmittance of flake surface

β Angle between flake and paint normals
P(β) Distribution of orientations of flakes
Reff Effective bulk reflectance of flakes, Eq. 3

Substrate:
a Albedo of substrate

aeff Effective albedo of substrate, Eq. 3

sity, as well as their optical characteristics. However,
for the sake of simplicity, we assume the substrate re-
flectance to be Lambertian and represent the albedo
with R, G, and B components. Spectral generaliza-
tion is possible, but we do not consider it here.
The binder layer is a homogeneous medium made
up of a transparent substance. The following charac-
teristics of the binder layer are considered: its thick-
ness, light refraction, and absorption properties. In
the binder layer, flakes are embedded [2, 7]. We con-
sider two kinds of flakes: mirror and interference
flakes.
Mirror flakes are single-layer colored platelets that
we treat as partially transparent, colored mirrors. In
other words, we neglect their internal structure and
assume that their reflectance and transmittance do
not depend on the angle of light incidence. The lat-
ter assumption is quite realistic because for arbi-
trary flakes the angular dependence of reflectance
and transmittance on the angle of incidence is weak.
Given those simplifying assumptions, it is possible to
model the interaction of light with the mirror flakes
using constant reflectance values for R, G, and B (or
spectral) color components.
Interference flakes consist of several thin layers.
An iridescent or pearlescent appearance of paints
with such flakes depends on the thicknesses of lay-
ers. To model interaction of light with the interfer-
ence flakes the following characteristics should be
known for each layer: its refractive index, absorp-

tion coefficient, the layer thickness, and its varia-
tion [9].
Apart from just described optical properties of
flakes, also some statistical parameters serve as input
data, such as the flake concentration D in the binder,
flake mean surface area 〈S〉 (which together specify
the fraction of paint area occupied by flakes), and
variation of flake orientations δ in the binder, that is
the distribution of angles between the normal vectors
of flakes and the paint surface.
The clear coat is a layer of transparent resin above
the two paint layers. If it has the same refractive in-
dex as the binder in the binder layer (which is a re-
alistic assumption in practice), its presence does not
affect our calculations of optical scattering in the
two-layer model. Therefore we do not give the clear
coat any special treatment.

4 Appearance-based design:
from perception to BRDF

This section will define the most important appear-
ance attributes used by designers. Also, we dis-
cuss how the appearance attributes are converted to
a physical representation. We work in RGB space
rather than the spectral space because the RGB sim-
ulation is an order of magnitude faster than the spec-
tral one. We verified our RGB simulations against
spectral ones and the difference in most cases is visu-
ally indiscernible. However, the spectral calculation
can be done at the last stages of paint design to map
the final results into the real world.
The appearance attributes of metallic and pearles-
cent paints can be categorized into two kinds, those
observed at a distance of several meters and those ob-
served at less than a meter, so called “macro-” and
“micro-” appearance, respectively. McCamy [13] in
his comprehensive review introduces the following
main macro-appearance attributes: shade, gloss, and
glitter.
The shade attribute is the color of the paint un-
der ambient illumination. Shade color is the height
of the BRDF "tail" for R, G, B color components
(see Fig. 1a). Figure 1a shows the cross-section of
typical BRDF at φ = 0◦ associated with spherical
coordinate system (θ, φ) with polar axis along the
specular direction as proposed by Rusinkiewicz [17]
(see Fig. 3).
Gloss is the appearance of bright reflection at the
specular angle. Gloss spread is the width of the gloss
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Fig. 3. (θ, φ) coordinate system for
BRDF presentation with the polar axis
along the specular direction

peak (see Fig. 1a). The amplitude of gloss peak is
determined by the refractive index η = 1.43 ÷ 1.47
of the binder. The hue of gloss is therefore always
white because wavelength dependence of the refrac-
tive index is weak, and we omitted the gloss intensity
parameter which is actually the amplitude of gloss
peak. The boundary of a gloss spread is marked by an
ellipse in Fig. 1c.
Glitter is a micro-appearance attribute describing the
appearance of bright or colored reflection near the
specular angle allowing metallic coating to enhance
curvature of surfaces. Glitter spread is the width of
the glitter peak and glitter color is the amplitude of
the glitter peak for R, G, B color components (see
Fig. 1a). The boundary of a glitter spread is marked
by a closed contour in Fig. 1b.
An interesting effect is sparkling, which becomes
noticeable when the painted surface is close to the
observer as can be seen in Fig. 1b. The sparkling ap-
pearance attribute mostly depends on the geometry
of flakes, their density, and area variation.
Given our assumptions on paint composition the
paint appearance is well defined by shade, gloss, and
glitter. The first two attributes are common to the
solid or conventional paints while the last is specific
to metallic finishes (see Fig. 1).

5 From paint composition to BRDF

In this section, we discuss the paint composition and
its relation to the BRDF. Optical characteristics of
paints with the similar properties as discussed in
the previous section can be calculated by simulating
light propagation in a layered medium [1, 2, 6, 19].

As we assumed in Sect. 3, the reflectance and
transmittance of flakes are directionally indepen-
dent. Therefore, we can use the BRDF of two-layer
pearlescent paint as proposed by Ershov et al. [6]:

BRDF(σ, ϑ, ϕ) = rη(σ)
1

2πw2
e

cos Θ−1
w2

+ (1−rη(σ))(1−rη(ϑ))
Reff

4η2 cos σ̄ cos ϑ̄
P(β)

+ (1−rη(σ))(1−rη(ϑ))aeff, (1)

where the meaning of the symbols is summarized in
Tables 1 and 2. The first term in Eq. 1 corresponds
to the gloss component, the second and third terms
correspond to the glitter and shade components, re-
spectively.
Both the gloss and glitter depend on the observa-
tion direction as shown in Fig. 1. Note that glitter
dependence on the observation angle occurs through
angle β.

Table 2. Angles used in BRDF expressions

Angle Meaning

σ Angle of light incidence, Fig. 3
σ̄ Angle of refraction at air-binder interface, Eq. 2
ϑ Angle of observation counted from the normal

vector to the paint surface
ϑ̄ Angle of observation as refracted at air-binder

interface, Eq. 2
ϕ Angle between planes of incidence and

observation, Fig. 3
Θ Angle between outgoing and specular

directions, Fig. 3
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The effective albedo aeff is the albedo of the sub-
strate a as seen from above the paint, that is,
albedo changed by masking and shielding from
flakes imbedded in the binder. The effective bulk re-
flectance of flakes Reff is proportional to their density
and the average seen area, which is why we call
it “bulk”. Reff is decreasing with increasing optical
thickness (because of self-masking); that is why we
call it “effective”.
The distribution of orientation of flakes P(β) is
defined so that the probability of finding a flake
with a given deviation of the normal β is equal to
2πP(β) sin βdβ. In many cases, P(β) is well approx-
imated as

P(β) ≈ 1

2πδ
e

cos β−1
δ ,

where δ characterizes disalignment of flakes. We
used the same distribution for surface normals of the
upper paint surface to get the first term in Eq. 1 de-
scribing light reflection from that surface in the mi-
crofacet approximation.
The angles σ̄ and ϑ̄ in Eq. 1 are the polar angles
of incident and outgoing rays beneath the paint sur-
face (i.e., refracted by the air-binder interface), so we
have

σ̄ = arcsin
(
η−1 sin σ

)
, ϑ̄ = arcsin

(
η−1 sin ϑ

)
.(2)

Thus, the Fresnel reflectance for light going from one
medium into another with the relative refractive in-
dex η is calculated as

rη(ϑ) =
{

1
2

(
sin2(ϑ−ϑ̄)

sin2(ϑ+ϑ̄)
+ tan2(ϑ−ϑ̄)

tan2(ϑ+ϑ̄)

)
if sin ϑ ≤ η

1 if sin ϑ ≥ η
,

and sin ϑ̄ = 1

η
sin ϑ .

The effective bulk reflectance of flakes Reff and the
effective albedo of substrate aeff are calculated from
composition parameters as follows:

Reff ≡ 1− e−2τh

2τh
D〈S〉hr ,

aeff ≡ a
η−2e−2hτ

1− 1
2 a

(
1+ e−2hτ[2F(η)−1]) , (3)

where τ ≡ D〈S〉(1− t) is the optical thickness, and

F(η) ≡
π/2∫
0

r1/η(ϑ) sin 2ϑ dϑ (4)

can be interpreted as the average Fresnel reflectance.
The width of highlight peak, parameter w, is strongly
dependent on the refractive index η of the binder.
Therefore, the BRDF of such a paint proves to be
a function dependent on just eight composition pa-
rameters:

– Effective albedo of substrate aeff with R, G, and B
color components

– Bulk reflectance of flakes Reff with R, G, and B
color components

– Variation of flake orientation δ
– Refractive index of the binder η

In fact, the paint composition includes 13 parameters
related to binder, flakes, and substrate (see Table 1),
so we have a whole family of paints with the same
BRDF which might differ in their micro-appearance
namely in the sparkling effect.

6 Inverse problem:
composition from BRDF

Generally, deriving paint composition from BRDF is
a very sophisticated problem. But if we restrict our-
selves to a two-layer finish, the inverse problem can
be solved. So, below we show how to find the compo-
sition of a two-layer paint whose BRDF is the best fit
to the measured one.

6.1 Finding albedo and optical thickness

We will show that if the refractive index of the binder
is known, we can solve the inverse problem: finding
the above parameters from BRDF data. In the case
of translucent flakes the sum of reflectance and trans-
mittance equals unity t = 1−r , therefore, from Eq. 3
we can derive physical composition parameters from
effective values:

D〈S〉hr = −1

2
log (1−2Reff) ,

a = e2hτ η2aeff

1+ 1
2η

2aeff
(
e2hτ +[2F(η)−1]) ,

τ = D〈S〉r. (5)

The refractive index η in Eq. 5 can be found from
the analysis of specular reflection profile, but since
for usual paint resins it varies in a narrow range
[1.43, 1.47] we can postulate it to be 1.45. After that,
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Eq. 5 gives us optical thickness hτ and albedo of sub-
strate a.
Since D is the number of flakes per unit volume,
the product Dh in the optical thickness is the sur-
face density of flakes. It determines the appearance
attribute that we call density of sparkles. In other
words, we can elaborate the composition in more de-
tail by fitting the desired micro-appearance.

6.2 Mirror-like flakes

Since we can only find the product D〈S〉hr rather
than individual values of these parameters, there ex-
ists a whole family of paints with the same BRDF.
We should restrict the problem by assuming that
flakes are mirror-like, in other words, we neglect an-
gular dependence of their reflection. This is a rather
strong simplification yet for many paint samples this
simplified model provides a good fit to measured
BRDF. Surprisingly, it even works for pearlescent
paints with flakes having a large diversity in the
thicknesses of flake layers, such as mica and titanium
dioxide layers. We will use our model from Eq. 1 and
rewrite it without the gloss term as

BRDF(σ, ϑ, ϕ) ≈ Reff f(σ, ϑ, ϕ)P (β(σ, ϑ, ϕ))

+ tη(σ, ϑ, ϕ)aeff, (6)

where tη is the Fresnel transmittance of the binder-air
boundary and

f = tη(σ, ϑ, ϕ)

4η2 cos σ̄ cos ϑ̄
.

Equation 6 can be written for both the spectral and
RGB case. In the sequel, we consider only the RGB
case, but the spectral one is an obvious generaliza-
tion.
The model parameters to be determined are the re-
fractive index of the binder η, effective reflectance of
flakes Reff , effective albedo of substrate aeff , and the
distribution of flake normals P(β). In view of Eq. 5,
they have a one-to-one correspondence with compo-
sition parameters.

6.3 Finding effective albedo and reflectance

It remains to determine Reff and aeff for the three
color components (R,G,B) and also P(β) for all color
components. For simplicity, the exponential function

P(β) is approximated within the basis of polynomi-
als

bk(β) = (1− (β/βmax)
2)2k+2

by

P(β) =
∑p−1

k=0
ckbk(β). (7)

The unknown composition parameters must be de-
termined by fitting the BRDF model from Eq. 6
to the given measured BRDFc(σ, ϑ, ϕ) for all color
components R, G, B as follows

∑
c=R,G,B

∑
σ,ϑ,ϕ

(
Reff,c f(σ, ϑ, ϕ)

p−1∑
k=0

ckbk(β(σ, ϑ, ϕ))

+ tη(σ, ϑ, ϕ)aeff,c −BRDFc(σ, ϑ, ϕ)

)2

= min .

We assume that the BRDFc to be fitted is given by
a table for some n triplets (σ, ϑ, ϕ), each of them cor-
responds to its own β. By enumerating them in a se-
quence (σi, ϑi, ϕi) for i = 0 . . . n −1 we can rewrite
the above formula as

∆2 ≡
∑

c

n−1∑
i=0

(
Reff,c fi

p−1∑
k=0

ckbki + tη,iaeff,c

−BRDFci

)2

= min, (8)

where

fi ≡ f(σi, ϑi, ϕi), bki ≡ bk(β(σi, ϑi, ϕi)),

tη,i ≡ tη(σi, ϑi, ϕi), and
BRDFci ≡ BRDFc(σi, ϑi, ϕi).

The first term in Eq. 8 consists of the product of val-
ues being sought, Reff,c and ck that means increasing
Reff,c while decreasing c does not affect the BRDF
approximation. To overcome this nonlinearity we
impose the normalization criteria for Reff,c and solve
the minimization problem in two steps. First, we se-
lect one variable and derive the solution depending
on the selected one, next, we solve the last variable
from an eigenvector problem.
Let us denote

Ck ≡ ck

√∑
c

R2
eff,c, ρc ≡ Reff,c√∑

c R2
eff,c

, (9)
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and introduce the normalization condition
∑

c ρ2
c = 1

to find a unique solution.

Problem 1 (Optimization of aeff and Ck). For
a given ρc, polynomial functions bk, tη, and known
function values BRDFc find aeff , Ck ∈ R such that

∆2 =
∑

c

n−1∑
i=0

(
ρc fi

p−1∑
k=0

Ckbki + tη,iaeff,c −BRDFci

)2

= min (10)

for c = {R, G, B} satisfying
∑

c ρ2
c = 1.

Solution. At the minimum, derivatives of the inde-
pendent parameters vanish:

∂∆2

∂aeff,c
= ∂∆2

∂Ck
= 0,

which after some simple algebra gives

Ck =
∑

c

ρcC̃kc, aeff,c = Rc −ρc

∑
c

ρclc. (11)

Here C̃kc is the solution to the linear system

p−1∑
k=0

AmkC̃kc = Fmc

for each of the colors c = R, G, B, where

Amk ≡
n−1∑
i=0

f 2
i bmibki − Tgmgk,

Fmc ≡
n−1∑
i=0

qmiBRDFci, T ≡
n−1∑
i=0

t2
η,i,

Rc ≡ 1

T

n−1∑
i=0

tη,iBRDFci, lc ≡
p−1∑
k=0

gkC̃kc,

gm ≡ 1

T

n−1∑
i=0

tη,i fibmi, and qmi ≡ fibmi − tη,igm.

Therefore, we can derive aeff and Ck from a given ρc
but it still remains to find the latter, the dependent
variable ρc. �

Substituting aeff and Ck from Eq. 11 into Eq. 10 we
obtain the optimization problem for ρc.

Problem 2 (Optimization of ρc). Find ρc ∈ R for
c = {R, G, B} such that

∆2 =
∑

c

n−1∑
i=0

(
ρc

∑
c′

ρc′ Qc′i + tη,i Rc −BRDFci

)2

= min (12)

satisfying
∑

c ρ2
c = 1, where

Qci ≡
p−1∑
k=0

C̃kcqki

and definitions of all remaining symbols are known
from Prob. 1.

Solution. The deviation from actual BRDF then takes
the form

∆2 = δ− (ρ, Dρ),

where

Dcc′ ≡
n−1∑
i=0

{
Qc′i Qci + Qc′i

(
BRDFci − tη,i Rc

)
+ Qci

(
BRDFc′i − tη,i Rc′

) }
is a real symmetric matrix and δ is some positive
value, independent of ρ. The minimum deviation
is therefore achieved when (ρ, Dρ) takes its maxi-
mum under the condition ||ρ|| = 1. This is naturally
achieved when the vector {ρc} is the eigenvector of D
that corresponds to the greatest eigenvalue.
In addition to our assumptions we can assume with-
out any restriction on our solution that the statistical
distribution P(β) is normalized as

2π

π/2∫
0

P(β) sin βdβ = 1. (13)

Finally, we can find the coefficients of expansion of
distribution ck and Reff,c by combining Eqs. 7, 9,
and 13 and we arrive at

ck = Ck

2π
p−1∑
k=0

Ck Ik

, rc = ρc2π

p−1∑
k=0

Ck Ik,

where

Ik ≡
π/2∫
0

bk(β) sin β dβ. �
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Fig. 4. Scheme of appearance-
based paint design. The scheme
demonstrates the approximate
relations between the appear-
ance attributes and the com-
position parameters of a two-
layer paint

As a final point of this section, we have derived the
following composition parameters P(β), Reff,c, aeff,c,
and η from the paint BRDF with the assumption that
paint has only two interference layers and that we ne-
glect the angular dependence of flake reflection.

7 From appearance to composition

As can be seen from previous sections the paint com-
position parameters can be derived when the appear-
ance of a two-layer paint is known in terms of shade
color, gloss spread, glitter spread, and glitter color.
Shade color. The shade color attribute depends on the
color of layer substrate that corresponds to the com-
position parameter of the albedo of substrate a.
Gloss spread. The extent of gloss is actually the gloss
spread attribute that depends mostly on the rough-
ness of the paint surface corresponding to the follow-
ing composition parameters: the highlight width of
a peak w, and the refractive index of binder η.
Glitter color. The hue of the glitter is the glitter color
appearance attribute depending on the thickness of
the interference layer of pearlescent flakes that is the
composition parameter h, and the color of metallic
flakes defined by composition parameter Reff . For
metallic paints the hue of glitter does not change with
the viewing direction, while such differences can be
readily observed for pearlescent paints.

Glitter spread. The glitter spread appearance at-
tribute depends on the variation of flakes orientation
corresponding to composition parameter δ. The glit-
ter intensity appearance attribute depends on the
density of flakes and their mean surface area defined
by composition parameters, D and 〈S〉, respectively.
Sparkling. The sparkling appearance attribute mostly
depends on the geometry of flakes, their density, and
composition parameter Reff .
Figure 4 summarizes the above relations describ-
ing what appearance attribute relates to which com-
position parameter for two-layer paints. Some ap-
pearance attributes depend on multiple-composition
parameters but their corresponding sets of parame-
ters do not overlap, therefore changing one of those
appearance attributes does not affect the other at-
tributes.

8 Results

The procedure for appearance-baseddesign of metal-
lic and pearlescent paints described in this paper is
embedded in an interactive system for paint appear-
ance rendering based on its composition. As a first
processing step, a measured BRDF is loaded and
its composition is calculated. Then the user tunes
the composition by moving the “appearance slides.”
Based on the selected appearance, the paint com-
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Fig. 5. Shade color appear-
ance attribute determines the
pigments in the paint sub-
strate. The change of shade
color does not affect the glit-
ter spread (area) appearance
attribute
Fig. 6. Glitter spread appear-
ance attribute determines sev-
eral composition parameters of
flakes but it does not effect the
other appearance attributes

Fig. 7. The glitter color at-
tribute does not change the
shade color and glitter spread
as expected

position parameters (see Table 1) are established.
It is guaranteed that the values of the parameters
are always set within the technologically feasible
limits. Based on these parameters and the designed
paint structure, the BRDF of the currently speci-
fied paint is computed using our two-layer paint
model. This BRDF is then used by parameterized
ray tracing [20] for rendering a number of prede-
fined views of a coated object. For every view and
for every pixel, all data required by the local illu-
mination model is precomputed and stored to a disc
prior to the paint design session. This makes very
rapid of pixel luminance updates possible based on
the BRDF of currently designed paint. The rendering
time is constant and depends on the image reso-

lution, but it is independent of the complexity of
scene geometry. For example, the whole processing
of a BRDF computation for a two-layer pearles-
cent paint and rendering an image of resolution
640 × 480 takes about 0.2 s on a Celeron, 1.3 GHz
processor.
Several examples shown in Figs. 5, 6, and 7 demon-
strate the advantages of using appearance attributes
in paint design, namely the mutual independence of
appearance attributes and a smaller number of pa-
rameters that are used in an intuitive way.
The shade color appearance attribute determines
the pigments in the paint substrate but its varia-
tion does not effect both glitter and gloss as Fig. 5
shows. The left image in Fig. 5 shows the model ren-
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Fig. 8. Validation of inverse
method. Rendering with origi-
nal paint (left). Rendering with
the BRDF derived from com-
position parameters by fitting
to the original BRDF (right)

dered with shade color in HSL color space equal to
(19, 0.5, 0.2) and the right one with (255, 0.45, 0.18)
shade color.
Similarly, the glitter spread appearance attribute de-
termines several composition parameters of flakes
but it does not affect the other appearance attributes
as can be seen in Fig. 6. The left and right images
show the model rendered with glitter spread in Eq. 5
equal to δ = 5 and δ = 7, respectively.
The last appearance attribute, the glitter color, does
not change the shade color and glitter spread as ex-
pected. The left image in Fig. 7 shows the model with
glitter color attribute defined by a hue equal to 101
and the right image shows the rendered object with
a hue equal to 11.

Table 3. Timings of fitting the composition to the measured BRDFs

Measured BRDF Composition after fitting to measured BRDF

Name Polar graph Polar graph Time [s] Error [%] Reference

Paint 1 0.23 0.1335 Fig. 9

Paint 2 0.24 0.1517 Fig. 10

Paint 3 0.23 0.1840 Fig. 11

Paint 4 0.23 0.0925 Fig. 12

The forward paint design using the composition pa-
rameters directly would result in changes in both
shade color and glitter color during setting of compo-
sition parameters D and 〈S〉, the density of flakes and
their mean surface area, respectively.

8.1 Validation of the method

To validate the appearance-based approach, which
is actually the inverse problem to paint design, we
measured a BRDF of original paint. We have mea-
sured BRDFs using the setup described by Letunov
et al. [12]. It is the CCD-based computer controlled
device for measurements of BRDF depended on
incident beam direction, reception direction and
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Fig. 9. Rendering with mea-
sured paint No. 1 (left). Ren-
dering with the BRDF derived
from composition parameters
by fitting to the original BRDF
(right)

Fig. 10. Rendering with mea-
sured paint No. 2 (left). Ren-
dering with the BRDF derived
from composition parameters
by fitting to the original BRDF
(right)
Fig. 11. Rendering with mea-
sured paint No. 3 (left). Ren-
dering with the BRDF derived
from composition parameters
by fitting to the original BRDF
(right)
Fig. 12. Rendering with mea-
sured paint No. 4 (left). Ren-
dering with the BRDF derived
from composition parameters
by fitting to the original BRDF
(right)

wavelength. The device uses optical fibers to trans-
fer the outgoing radiance from predetermined set
of measurement points to produce the radiance dot
pattern scanned by the CCD camera. For the zone
with the maximum value of reflection, the direct
radiance via the lens is scanned. Usually, we use
the following distribution of direction samples for
paints: seven uniform values for σi = {0.0, 10.0,

20.0, 30.0, 45.0, 60.0, 90.0}; five uniform values for
φi = {0.0, 45.0, 90.0, 135.0, 180.0}; 28 values for
θi = {0.0, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0,
10.0, 15.0, 20.0, 25.0, 30.0, 35.0, 40.0, 45.0,
50.0, 55.0, 60.0, 65.0, 70.0, 75.0, 80.0, 85.0, 90.0,
180.0}.
The rendered car model with measured BRDF, is
shown in the left image of Fig. 8. Next, we solved
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the inverse problem and calculated the composition
from the original BRDF. Note that composition is not
calculated from appearance attributes in this case. Fi-
nally, we used the composition parameters together
with Gaussian distribution of flake orientation in our
two-layer paint model to define the BRDF used to
render the right image in Fig. 8. Measured automo-
tive paint shows a good resemblance of the fitted
paint with the original. However, we can observe
a thin yellow edge coming from right reflector on
the red front and ending below the front glass in the
car painted with original paint. This is due to glitter
and a sharp edge on the front because, as we men-
tioned, the glitter is responsible for enhancing the
curvature of the shapes. Comparing with the image
on the right this edge is not so pronounced, proba-
bly due to a necessary simplifications we employed
to solve the inverse problem.
In Table 3 the second column depicts the mea-
sured BRDF values as a function of outgoing angle,
which is measured with respect to the surface nor-
mal (see the coordinate system in Fig. 3). Note that
the BRDF values are shown in logarithmic scale to
suppress the size of specular lobes. The third column
shows BRDFs derived from a calculated composi-
tion of corresponding measured BRDF. Next, the
time needed to calculate the composition from the
measured data and fitting error are listed. The last
column in Table 3 refers to Figs. 9 ∼ 12, which show
a car with measured BRDFs and the corresponding
BRDFs derived from calculated composition. The
measured automotive paints show a good resem-
blance of fitted paint with the original.

9 Conclusions

We propose a novel approach to paint design by us-
ing appearance attributes. This means that the user
can take a third-party or some old paint sample
as a starting point and can find the composition
of a two-layer paint reproducing the appearance in
terms of macro-appearance of BRDF. The measured
BRDF of the sample is fitted to the physical model of
the two-layer paint by solving the inverse problem.
The whole subsequent design is done in terms of
appearance attributes that, due to the model’s sim-
plicity, have one-to-one correspondence to the model
composition parameters. There are eight of parame-
ters for the basic model with the Gaussian distribu-
tion of flake orientations and there may be more for

more sophisticated models, like the one where the
distribution is sought as a polynomial of the devia-
tion angle.
Each time the artist changes the paint appearance
parameters, the corresponding paint composition pa-
rameters are changed and the new BRDF is recalcu-
lated.
We presented results of solving the inverse prob-
lem for a number of measured automotive paints and
showed good resemblance of fitted paint with the
original. The paper also shows that by using the in-
verse model we can avoid undesirable interactions
between the paint appearance attributes.
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