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Abstract

Modern automotive paints have a complex structure and consist of a variety of pigments including
the solid ones. There are many tasks related to the correct color reproduction of the automotive
paints. But the most practical one is the color matching: obtaining of paint composition needed to
get the specified color. This task can be solved with help of lighting simulation inside paint
structure. But we have to know optical properties of the paint pigments to do so. In the paper we
propose and verify robustness of several different methods to extract pigment properties from the
measured BRDFs. All methods are based on fitting of calculated visual appearance to the measured
one. The methods differ in sets of the real paint samples which have to be prepared to extract
pigment data. We describe operation of the methods and verify their robustness. It happened that
among proposed methods one is much more accurate, while others produced significant errors.
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1. Introduction

Modern automotive paints have a complex structure and consist of a variety of pigments of various
nature, such as interference plates, mirror flakes and ordinary solid pigments. Visual appearance is the
main characteristic of paint, and it manifests itself through the human perception of objective optical
properties: color, brightness (reflection coefficient), glossiness, texture (spatial heterogeneity), etc. In
the general case the visual characteristics of a painted surface are expressed by a bidirectional
reflectance distribution function (BRDF). Many works are devoted to the problem of correctly
displaying the appearance of paints. For example, the authors of articles [1-3] offer visualization
models based on the analysis of photographed images or measurement results of real paint samples.

Another approach is to model the optical properties of multilayer paints with complex
microstructures in order to reproduce their appearance. Such modeling is a rather complicated task, and
does not always provide the required accuracy. A paint model which consists of plane-parallel
homogeneous layers was proposed and developed in [4]. Such a scattering model is based on a statistical
approach and accurately describes the interaction of light within the paint, including iridescent and
pearlescent effects. This model was subsequently used and developed in [5-7].

One of the most practically needed tasks is the obtaining the paint composition (i.e. set of the
necessary pigments and their concentrations) to ensure the specified optical properties, namely the paint
color at different angles of illumination and observation. Most often, this task is necessary for body
repair work, since the original composition of the paint is almost always unknown. Moreover, even if
the composition of the paint is known, the appearance of the painted surface may change over time
under the influence of atmospheric agents, reagents used on the roads, etc. As a result, the appearance
of the surface may differ from the initial one. Attempts to find an automatic solution for this ambitious
task have been undertaken by various teams for more than a decade [8—11]. We also made attempts to
solve the problem of determining the paint composition by its appearance [12, 13].

Paint appearance modeling is based on a model of the interaction of light with the medium (paint
structure with pigments) and “input” data for this model. So to start simulation we need pigment
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concentrations and optical properties of pigments: scattering, absorption cross sections and phase
function. The quality (accuracy and level of details) of input data strongly determine the accuracy of
calculations. The concentrations of pigments are more or less known (usually it is known how much
was put in paint). But optical characteristics must be measured.

There are two main approaches for this. First, we can measure them as directly as possible. For
example, scattering cross section gives amount of light which is scattered by one particle. We prepare
a paint sample containing the single pigment in low concentration (to ensure there is single scattering)
on a translucent plate. Then illuminate it with a parallel light and measure intensity of scattered light.
Its angular distribution is phase function, and its integral is scattering cross section times concentration
times paint layer thickness. It is more difficult to measure absorption cross section in such an
experiment, but it is also possible.

This procedure is similar to what had been done to measure optical characteristics of smog,
snowflakes, fogs, etc. in atmospheric studies. Those experiments were quite successful. But there are
additional problems with paints. First, now we measure particles in a refractive medium. The boundary
between paint and air distorts light distribution, and makes it impossible to observe scattering directions
that cannot leave the medium because of the total internal reflection. Second, reflectance of Fresnel
boundary from the paint approaches 1 already for angles more than 45 degrees, i.e. for a wide cone.
And all this light is reflected back into the paint, and may not leave it otherwise but being scattered by
pigments. Therefore it is impossible to ensure single scattering. Then, usually the front paint surface,
even if specially polished, is not ideally flat, and thus Fresnel reflectance from it is diffuse. This diffuse
BRDF sums with the BRDF of the paint sample and this may lead to serious distortions [14]. At last,
the ultimate goal of the work with paints is color matching. Therefore the error of BRDF calculation
must be very low, below eye color fidelity. In atmospheric studies requirements are weaker and easier
to satisfy. As a result, the direct measurement of the pigments in the paint layer is not practical while
formally possible. Either it is simple but has insufficient accuracy. Or it is too difficult and hardly
possible at all.

Another way to get pigment data is fitting. This should work well for solid pigments which phase
function is rather simple (often isotropic one) and they are used in paint in high concentration. The
fitting method finds those properties of pigment(s) which, when fed into the paint model, produce
BRDFs that well match the experiments. So, our method must work as follows: we prepare paint with
the pigment at interest and measure this paint. Then we calculate BRDF from a paint model, varying
the input parameters, and find those which makes it to better match the measured BRDF. These input
data (or parameters recalculated from them) are declared as the pigment properties.

It can be suggested several such methods that use different number of paint samples prepared in
different conditions and process their measurements differently. Some alike fitting based methods had
been used in the past to obtain scattering properties of turbid plastics [14—17]. Sometimes the results
were god but sometimes the calculated BRDFs deviated much from the measured ones. So we may say
that the fitting methods have different robustness. The more robust method is less sensitive to the errors
of measurements and sample preparation.

In current work we propose and verify robustness of several different methods to extract pigment
properties from fitting of the measured BRDFs. We describe their operation and compare their
robustness. It happened that among 4 proposed methods one is much more accurate, while others (close
to [14—17]) produced large errors in our benchmarks.

2. BRDF of painted surface and what it depends on

In the Light transport equation (LTE) model [18-21], BRDF of the painted surface is calculated
from

refraction and absorption of the binder;

BRDF of the substrate;

phase function of medium (weighted sum over all pigments);

total optical thickness T = ko H of paint layer; extinction coefficient of the medium Ky is
a weighted sum over all pigments and H is the geometric layer thickness;
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Kabs

e relative absorption a = of medium; absorption coefficient of the medium ks is a

kext
weighted sum over all pigments.

Typically refraction of the binder is 1.45 % 0.05 and absorption is negligible. This small uncertainty
does not affect results much and can be neglected (i.e. we can adopt 1.45 and zero absorption). Substrate
is typically a nearly Lambert surface so we need only its albedo from binder ry.

In principle, a phase function can be rather arbitrary. But for the so-called solid pigments it is rather
simple and can be well approximated with a Henyey-Greenstein [22] or Rayleigh laws, i.e. effectively
it is uniquely determined by the single parameter like Henyey’s g (assuming that a value outside [—1,1]
means Rayleigh). Our experiments show that isotropic phase function (g = 0) gives usually the best
results.

Therefore, BRDF is a function of

e phase function p of medium (determined by Henyey’s g for all pigments);

. . k .
e relative absorption a = ka—bs of medium;

ext
o total optical thickness T = k,,¢H of paint layer;

e substrate reflectance 7;.

BRDF = f(v,u;p,a,t,75), (D
where v,u are the illumination and observation direction. The same function f works for all
wavelength, just for the different values of p, a, T, 75 which usually depend on wavelength.

For 7 — oo (i.e. either very thick layer or very high concentration of pigments) the paint completely
hides the substrate and even its own deep sublayers, so

BRDF = f(v,u;p,a,rs), )
Practically, the limiting 7 is about 20 in absence of absorption and decreases to even 2 for usual
absorption of colored pigments.
Dependence on the albedo of substrate 75 is analytic. If the substrate surface is Lambert the BRDF
obeys

r,TOWTD W)

=7 ®

foury) = f(v,u;0) +

where
TOw) = JT(“(v,u)uzdzu

where T (v, u) is BTDF of paint layer while illuminated from air at direction v and observed in the
binder at direction u. Then,

TM ) =JT(T)(v,u)vzd2v

where T (v, u) is BTDF of paint layer while illuminated from binder at direction v and observed in
air at direction u. At last,

RM =fR(T)(v,u)vzuzd2vd2u

where R( (v, u) is BRDF of paint layer while illuminated from binder at direction v and observed in
the binder at direction u. This is a slight generalization of equation in Section 3.6 of [18] or eq. (11) of
[19], see also eq. (201) of [20], which accounts for the asymmetry of the paint layer because of the
Fresnel transforming boundary at its top.

One does not need to calculate BRDF for each specific value of 7 but it suffices to know it for three
different values of 75 (e.g. black, grey and white) and then any r; can be “nonlinearly interpolated” from
the above law.

It is possible to calculate BRDF for given parameters each time anew using e.g. adding/doubling
method [21]. But this is expensive because billions of cases are calculated during fitting. So we can first
tabulate dependence of BRDF on t, a for black and white substrates. BRDF for an arbitrary 7 is then
calculated as described in Appendix Al. Notice that this process operates BRDF for one wave length.
Later, when interpolating from this data, we apply t,a and ry for given wavelength and thus obtain
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BRDF for any wavelength. This much accelerates calculations. The interpolation data is then used for
all fitting cases for all pigments and substrates.
Phase function of medium is
A CAD)
p(v: u) = 0)

iO0sc

where the superscript i enumerates pigments, o, is its scattering cross-section and v, u are directions
of the incident and scattered rays. Notice for solid pigments phase function actually depends only on
the angle between them, i.e. on (v - u). In case all pigments have the same parameter g, the resulting
phase function is also pure Henyey for that g.

The extinction and absorption coefficients

kext = z D(i)ae(aic)t
i

kaps = Z D® Jé?s
i

where the superscript i enumerates pigments, 0.t Oqps 1S its extinction and absorption cross-sections
and D is its concentration (i.e. the number of particles per unit volume) in dry paint.

To obtain characteristics of pigments it is natural to prepare and measure samples of paints made of
that single pigment (maybe several such samples for different concentrations and substrates). In this
case, the optical thickness and relative absorption of paint are

T= IO__IDUextr
abs 4
a=—-, 4)
Oext

where D is the dry concentration of the pigment (the number of its particles per unit volume of dry
paint) and H is the layer thickness.
According to eq. (2), BRDF of a thick layer is independent of extinction of medium but only on its

relative absorption a. In case paint is made from a single pigment a = % so we do not need extinction
ext
per se. But in case of a mixture of several pigments,
3OO,
% a(l)D(l)gext
O]
%D @ Oext

, )
where a® = G‘%—S is the relative absorption of the i-th pigment. Therefore, unless extinction cross-
Oext

sections of different pigments coincide, the value of a (and thus BRDF of thick layer) does depend on
these extinctions.

It should be noted that for calculation it sufficient to know not absolute extinctions, but those relative
to some pigment, e.g. O

(0
., a@p@ ext
i 0)

Oext

(0)

(@) Fext
ZlDl O'(l)
ext

a=

3. Methods to extract the pigment’s properties

It is natural (though it is not the single way) to obtain characteristics of pigments by measuring paint
samples containing only this single pigment. BRDF of optically thick sample is independent of optical
thickness and thus of extinction according to eq. (4). Therefore, to get these data we need a sample with
finite (and better small) optical thickness.

In all methods below the fitting procedure is done independently for each wavelength.

19-21 cenmsabps 2023, Mocksa, Poccus 149



Realistic Computer Graphics and Computational Optics GraphiCon 2023

3.1. Method 1. Absorption from optically thick sample, extinction from
translucent one

Absorption. In case the sample is thick, its BRDF is uniquely determined by the relative absorption
a, see eq. (2). Geometric thickness and concentration make no effect, which is good because excludes
uncertainty in these parameters. The relative absorption can be then obtained by finding its value which
makes the calculated BRDF (eq. (2)) maximally close to the measured one. If one wants to improve
accuracy, phase function (parameter g) can be also included in fitting; again independently for each
wavelength.

Extinction. Let us apply the paint on a glass (or other translucent) plate and illuminate that plate by
a parallel light at normal incidence. The initial beam is both scattered and absorbed inside the layer, so
the energy in the parallel beam decreases. Obviously, the fraction of energy remained in the parallel
beam (i.e. the specular transmission) is

T =t2e™7, (5)
where tp is Fresnel transmittance of the air/glass boundary and 7 is the optical thickness of the paint
layer. In case of single pigment 7 obeys (4) which together with (5) yields

T= —logt—z,
1 T (6)
Oext = —mlogt—z
F

for each wavelength.
The fitting requires precise thickness of paint layer and concentration of pigment in dry paint to be
known. How to get the latter is explained in Appendix A2. Concentrations.

3.2. Methods 2 and 3. Fitting from BRDF

For not thick sample, BRDF (eq. (1)) depends on all parameters (in practice, a and 7) and therefore
it is possible to find their values which provide the best agreement between measured and calculated
BRDFs. Here it is possible either to fit all parameters simultaneously, or in two steps, when we first
obtain a from elsewhere and then fit only 7. In these methods parameter g of phase function must be
postulated. If one needs to fit phase function, one must do the fitting procedure (as defined for the
current method) for different g and find the value which minimizes the total fitting error (sum of
deviations of measured BRDFs from the calculated ones for all BRDFs).

3.2.1. Method 2. Optically thick and thin samples

We prepare two samples, one is optically thick with completely hidden substrate and another one of
low optical thickness (the substrate is visible). Any substrate can be used but typically a black one is
better.

Absorption. Absorption is obtained from the thick sample exactly like in the Method 1.

Extinction. We vary 7 to find the value such minimizes the deviation of the measured BRDF of the
“thin” sample from BRDF (eq. (1)) calculated for this T and absorption a found above.

3.2.2. Method 3. Both a and 7 from one sample

We vary both, a and 7, to find their values that minimize the deviation of the measured BRDF of
the input sample from BRDF (eq. (1)). Dependence on 7 is stronger for thin samples. Therefore, it is
advantageous to use optically thin samples. It is better to use a black substrate. Indeed, if absorption of
pigment is low or 0, the paint is white too. Painting a white substrate with a thin layer of white paint
makes nearly no effect, so fitting is inaccurate (any values of T give nearly the same calculated BRDF,
so the minimum in discrepancy has very low contrast).
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3.3. Method 4. Samples with black and white substrates

As said above, it is difficult to fit T from only the sample on a white substrate. But for a black
substrate, one faces another problem. Roughly, there is a whole set of points 7, a where BRDF is nearly
the same: one can compensate a stronger absorption with a thicker layer.

Let’s suppose the input BRDF (to be fitted) exactly corresponds to the model eq. (1), e.g. it is just
generated by calculation (for test). Then the relief of the deviation as a function of 7, a is a very long
and narrow ravine. Discrepancy in the centerline of the ravine is then small and changes along it only
slightly. Now suppose the input BRDF deviates from the model (i.e. it cannot be reproduced exactly by
the function eq. (1) for any parameters), e.g. just due to the errors of measurement. Then the discrepancy
along the centerline of the ravine can have minimum in a different point or do not have a minimum at
all.

For paint on a white substrate the situation is the same: there is a thin long ravine with nearly the
same BRDF. But its centerline is different from the centerline for the black substrates. And the sum of
BRDF discrepancies for the black and white substrates is minimal near the intersection of these
centerlines since they are not parallel.

Therefore, in method 4 we prepare two samples of the same concentration and geometric thickness
on black and on white substrate. And then we find 7, a which makes the sum of deviations of BRDFs
minimal. As explained above, this sum is sensitive to both 7, a and thus the best fit point can be found
with a good accuracy.

3.4. Reflectance of substrate from the binder r

Calculated BRDF in methods 2, 3, 4 also depends on reflectance of substrate r, which can be
obtained from measurement of the substrate. We can measure the substrate (usually this is a sort of
other paint) only from air. Meanwhile, our model operates 1y as an albedo of substrate seen from the
binder. The simplest model of the real substrate (plate without paint) is: a Lambert surface coated with
a clear binder. In this model BRDF from air has the form eq. (9). We can then find the value of 5 which
minimizes the deviation of this calculated BRDF from BRDF measured from air.

Experiments showed that the difference between the found 73 and albedo from air is not very large
for white or black substrate, no more than about 10% (relative error). For grey substrate, however, it
can be really large.

4. Investigation of robustness of the methods
4.1. Test description

If the model of scattering and measurement has limited accuracy, the extracted properties of
pigments differ from the actual values. To estimate the errors we take some arbitrary characteristics of
pigment ag, Ty and calculate BRDF for them. After that we distort the input data by scaling each its
value x independently

x> (1+&)x @)

This imitates the errors of measurement. Here & is Gaussian deviate with zero mean and unit variance
and ¢ is the relative inaccuracy of measurement. If the particular method requires reflectance of
substrate, the values close to those from real measurements are chosen: r; = 0.01 for black substrate
and 7y = 0.95 for white substrate. These values were not subject to random variation.

The distorted input data were processed by the described methods. The procedure “distortion =>
fitting” was repeated 1000 times obtaining each time new (random) a and 7. We then calculate their
average and sample variance. Obviously (a) — a, (or (7) — 1) is the systematic error while the RMS
is the stochastic error.

For the method 3 the scheme is exactly as described.

For the method 1 we generate BRDF of the optically thick paint sample with the chosen absorption
ay. Then subject each BRDF value to the random distortion (7) and fit a from this distorted BRDF.
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There is no simple analytic law for its variation with respect to the change of the input data (BRDF of
the thick sample), so they were calculated numerically.

Also specular transmittance to be measured in the method 1 is given by (5) for the chosen 7.
According to the general scheme we subject this transmittance to random distortion (7) and calculate t
from the resulting value by (6). This gives

T =10 —log(1 + &) ~ 1y — &€ + £2£2/2
Therefore the result 7 is a random deviate with mean (t) = 7, + £2/2 and RMS «.

For the method 2 we generate two BRDFs for the chosen aq: one for the chosen optical thickness 7,
and another for very large optical thickness. Then subject each value of BRDFs to the random distortion
(7). We first fit a from the perturbed BRDF of the thick sample and then fit T from the perturbed BRDF
of the thin sample, keeping a found from the thick BRDF.

For the method 4 we generate two BRDFs for the chosen ag, 7y: one for black and another one for
white substrate. Then subject each value of BRDFs to the random distortion (7) and fit both a,t
minimizing the sum of deviations (from the input BRDFs) for the black and white samples.

4.2. Results of the tests

It happened that in all cases the stochastic error was much greater than the systematic shift, so it
determines the overall inaccuracy. The tables below list only the stochastic error (as it is the largest) for
several pairs (ag, Tg) and € = 0.05 which imitates a 5% error of measurements.

Table 1 represents the randomness of a, keeping 7, value fixed. Contrary, Table 2 represents the
randomness of T keeping agvalue fixed. Minimal error is bolded for each experiment.

Table 1: Stochastic errors for 5% randomness of a,

Column 1 ag = 0.025 ap, =0.1 a,=0.2
7o = 0.5 (fixed)
Method 1 0.001 0.003 0.003
Method 2 0.001 0.003 0.003
Method 3 0.055 0.079 0.104
Method 4 0.002 0.003 0.003
7o = 1 (fixed)
Method 1 0.001 0.003 0.003
Method 2 0.001 0.003 0.003
Method 3 0.028 0.047 0.058
Method 4 0.001 0.002 0.003
Ty = 2 (fixed)
Method 1 0.001 0.003 0.003
Method 2 0.001 0.003 0.003
Method 3 0.015 0.029 0.036
Method 4 0.001 0.002 0.003

Table 2: Stochastic errors for 5% randomness of 7

Column 1 79 =0.5 =1 Tg =2
ay = 0.025 (fixed)

Method 1 0.050 0.050 0.050

Method 2 0.008 0.025 0.115

Method 3 1.500 4.060 6.783

Method 4 0.008 0.021 0.079
ay = 0.1 (fixed)

Method 1 0.050 0.050 0.050

Method 2 0.011 0.044 2.456

Method 3 1.908 5.007 7.409
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Continuation of the table 2

Method 4 0.008 0.023 0.160
ay = 0.2 (fixed)

Method 1 0.050 0.050 0.050

Method 2 0.014 0.075 3.773

Method 3 2.287 5.921 7.339

Method 4 0.008 0.025 3.291

One can see that in most cases the best is the method 4 which expectedly works quite well for not
too large optical thickness, i.¢. it is the least sensitive to the errors of measurement. The method 1 is the
next. It can work well with high optical density. The methods 2 and 3 are bad as produce inadmissible
errors.

5. Conclusion

Color matching is the most practically needed tasks in the area of the paint color visualization and
processing. Its goal is to obtain the paint composition (i.e. set of the necessary pigments and their
concentrations) to ensure the specified paint color at different angles of illumination and observation.
Paint appearance modeling used in the color matching is based on a model of the interaction of light
with the paint structure and the paint pigment data. Additional difficulty is that in many cases the paint
producer can only use limited set of really existent pigments. So to start simulation we first of all need
to know optical properties of pigments. So the problem of acquisition of data of the real paint pigments
arises.

We proposed four methods to extract pigment properties from fitting of the measured BRDFs. For
these methods a set of real painted samples should be prepared and measured. Both the sample
preparation and measurement can be difficult and may introduce additional error into process of
pigment data acquisition. This is why so important to know the robustness of methods. We describe the
proposed methods and studied their robustness to the measurement error up to 5%. It happened that one
method (the method 4 when the samples with black and white substrate are used) among four proposed
ones is much more accurate. Others produced large errors in our tests. Therefore it would be reasonable
to start with the method 4 if we need to extract the paint pigment data.

6. Appendices
6.1. Appendix A1. The effect of Fresnel boundary

Paint has a front Fresnel air-binder boundary which is absent in classic studies of volumetric
scattering [18-20]. To apply their results, we must first derive the relation between the whole BRDF
(accounting for the Fresnel boundary) from the pure layer BRDF whose top boundary is “dummy” i.e.
does not change radiation incident on it from either side.

This relation is rather simple and follows from the self-consistent integral equation for radiation just
beneath the Fresnel boundary. The equation can be derived similarly to Section 3.6 of [18], only now
we have the Fresnel boundary instead of the scattering layer and the pure scattering layer instead of the
substrate surface. It is equivalent to the procedure of combination of sublayers (now Fresnel boundary
and the pure layer) used in the adding method [21].

Let the air-binder surface be illuminated from air by the parallel beam with direction vy and unit
flux. Denote the luminance at the top boundary of the pure pigment layer (inside binder) as L(u). It
obeys the self-consistent equation

L) = tp(WR@,W + [ 1)L RO W ®)

where R(...) is BRDF without Fresnel boundary (but maybe with substrate), t and 1 are transmission
and reflection of that boundary for light going from the binder to air, and v is how v, refracts into the
binder.

Luminance observed from air is naturally
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L(ug) =n~*tr(w)L(w)
where u, is direction of observation in air and u is its refraction into the binder, 7 is refraction of the
binder. On the other hand, this luminance is the full BRDF (including Fresnel boundary): L(uy) =
f(vy,up) so we can obtain the latter.

The above integral equation can be solved numerically.

While our equations require reflectance of the substrate from binder, we cannot measure it. In case
the substrate is a Lambert surface, its albedo from binder can be extracted from measurement of the
substrate coated with a layer of clear binder. Indeed, now we have formally the case of paint layer with
zero concentration of pigment and can use the above formulae. If the substrate is Lambert (from

binder!), this means BRDF of the layer without Fresnel boundary obeys R (v, u) = % Substituting it in
(8) one sees L(u) is independent from u and then this constant is easily calculated as

s
L=tz(v) i
- %Sfrp(u’)u;dzu’
which yields BRDF from air
Is
f (o, u0) = n~*tr(W)tr (V) = )

Te (/2 .
1-— Esfon/ 17 (0) cos o sino do

The factor ™2 is the usual transformation of the beam luminance by refraction. BRDF from air is not
exactly Lambert but close to it save for the cutoff factor tx(u)tr(v) which is essential only at grazing
angles.

6.2. Appendix A2. Concentrations

The concentrations D are the number of pigment particles per unit volume of dry paint. In our
formulae we always need only product Da,.;.
The mass fraction PWC of a pigment is

Du
PWC = 7, (10)

where u is the average mass of one particle and p is specific gravity of the mixed paint. There is PWC
(and concentration) in dry paint and in wet paint.

®
PWC(i) _ Mpaste
wet i
Mbinder + Zj Mp(wja)ste 11
| "o ()
PWCS, = IR

mbinder + Z] mpaste

where the superscript enumerates pigments, the lowercase m stands for the dry mass and the uppercase
M means the wet mass.

While mixing the physical paint, one usually knows the mass fraction of the pigment paste (not the
pure pigment) in wet paint. We must first convert it to the PWC in dry paint. Then we must calculate p
as a function of that mass fraction. And then we can get D. It will be determined up to the (unknown in
principle) scale factor u. Then the obtained extinction value will be u times smaller than the actual
value; this is OK. We can adopt, for example, 4 = 1.

We assume the dry paint consists of the dried binder and the dried pigment paste that, in turn, consists
of the pure pigment such as titanium oxide and resin. When mixing any substances their masses sum
up. The volume, however, may differ from the sum of volumes if substances are solvable. The change
is small when mixing similar organic resins, and when a pigment paste is mixed with a binder, their
volumes sum up. This holds for both wet and dry paint. Under such assumptions the density of the dry
paint 1s
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6)) )
m Zj Mpaste + Mpinder Zj Myaste + Mpinder
p=-= : e R
|4 P , [6))
Z] Vpaste + Vbinder 5. myaste + Mpinder
S0 Pbinder
paste

Introducing coefficients of drying ¢ = m/M which are rather easy to measure, and using (11) one
has

_ j qz(agstePWCv(v]e)t + Qpinder (1 Y PWC\/(v]e)t)

)

qz(ojgste (), 9binder ) (12)
ij(j) PWCyer +W(1 -3, PWC)
paste

where naturally 1 — PWC&{ 3t is the weight fraction of the binder in the wet paint.
The mass fraction of the pure pigment in the dry paint is meanwhile

® O ON0) @
PWC O = Cpp mpaste Cpp qpaste PWCwet

Z]- m;(;]ozste + Mpinder Zj q,f,gstePWngt + Gpindger(1 — Ej PWC&QJ
where Cpy, is the mass fraction of the pure pigment in the dry pigment paste.

Substituting this formula and (12) into (10), one can now derive the concentration of pigment D
we need for the optical model

[ ® ®
D(l) _ ngg qpastepwcwet
IIO) (6))
K Qbinder + (anSte _ ‘h)inder) PWC(D

Pbinder J p(]) Pbinder wet
paste

c . . o
where the term % for each pigment is usually unknown, but it is a constant scale factor for

concentration and independent of the paint composition. So we can assume this factor to be 1, and then
extinction of pigment o,,; will be inversed scale by that constant factor. This is admissible because the

optical calculations use the combination Do, only. This combination is independent of the value %.

7. References

[1] M. Rump, G. Miiller, R. Sarlette, D. Koch, R. Klein, Photo-realistic Rendering of Metallic Car
Paint from Image-Based Measurements, Computer Graphics Forum 27(2) (2008): 527-536.

[2] T. Kneiphof, R. Klein, Real-time image-based lighting of metallic and pearlescent car paints,
Computers & Graphics 105 (2022): 36-45. doi:10.1016/j.cag.2022.04.009.

[3] D.B. Kim, M.K. Seo, K.Y. Kim, K.H. Lee, Acquisition and representation of pearlescent paints
using an image-based goniospectrophotometer, Optical Engineering 49(4) (2010): 043604.
doi:10.1117/1.3407431.

[4] S. Ershov, K. Kolchin, K. Myszkowski, Rendering pearlescent appearance based on paint-
composition modeling, Computer Graphics Forum 20(3) (2001): 227-238.

[5] W. Jakob, E. d'Eon, O. Jakob, S. Marschner, A comprehensive framework for rendering layered
materials, ACM Transactions on Graphics 33(4) (2014): Article No. 118, 1-14.
doi:10.1145/2601097.2601139.

[6] L. Belcour, Efficient Rendering of Layered Materials using an Atomic Decomposition with
Statistical ~ Operators, ACM  Transactions on  Graphics 37(4) (2018): 1.
doi:10.1145/3197517.3201289.

[7] J. Guo, Y.J. Chen, Y.W. Guo, J.G. Pan, A physically-based appearance model for special effect
pigments, Computer Graphics Forum 37(4) (2018): 67-76.

[8] S. Ergun, S. Onel, A. Ozturk, A general micro-flake model for predicting the appearance of car
paint, EGSR'16: Proceedings of the Eurographics Symposium on Rendering: Experimental Ideas
& Implementations (2016): 65-71.

19-21 cenmsabps 2023, Mocksa, Poccus 155



Realistic Computer Graphics and Computational Optics GraphiCon 2023

[9] T. Golla, R. Klein, Interactive interpolation of metallic effect car paints, EG VMV'18: Proceedings
of the Conference on Vision, Modeling, and Visualization (2018): 11-20.
doi:10.2312/vmv.20181248.

[10] H. Wu, J. Dorsey, H. Rushmeier, Physically-based interactive bi-scale material design, ACM
Transactions on Graphics 30(6) (2011): 1-10. doi:10.1145/2070781.2024179.

[11] M. Bati, P. Barla, R. Pacanowski, An inverse method for the exploration of layered material
appearance, ACM Transactions on Graphics 40(4) (2021): Article No. 176, 1-15.
doi:10.1145/3450626.3459857.

[12] S. Ershov, K. Kolchin, K. Myszkowski, Reverse engineering approach to appearance-based design
of metallic and pearlescent paints, The Visual Computer 20 (2004): 586—600.

[13] A.T'. Bono6oii, C.B. Epmios, C.I'. [lo3nasx0B, HTEpaKTHBHOE MOIEITHPOBAHIE aBTOMOOHIILHBIX
Kkpacok, Tpyasl 22-it Mexaynapoanoit Kondepenmmu no Kommerorepnoii ['paduke u 3penuro —
I'paduxon-2012 (2012): 242-247.

[14] V. Sokolov, 1. Potemin, D. Zhdanov, B. Barladian, BSDF Reconstruction of Inks and Paints for
Light Guiding Plates, Proceedings of the 31st International Conference on Computer Graphics and
Vision, CEUR Workshop Proceedings 3027 (2021): 135-149. doi:10.20948/graphicon-2021-
3027-135-149.

[15] V. Sokolov, D. Zhdanov, I. Potemin, B. Barladian, N. Bogdanov, Optimization based on
reconstruction of volume scattering medium parameters, Proc. SPIE 10693, Illumination Optics V
(2018): 1069312. doi:10.1117/12.2312724.

[16] C.I'. Tlozmgusxo, C.B. Epmos, A.I'. BomoGoii, 'mOpuanblii momxox K mombopy cocTaBa
ABTOMOOWMIILHOM KPACKH JKEIaeMOTro0 I[BETa HA OCHOBE HEHPOHHBIX CETEH U MOJICTUPOBAHHUS CBETA,
penpuaTer UM um. M.B.Kenapima 87 (2022): 1-17. doi:10.20948/prepr-2022-87.

[17] C.I'. Ilo3mnsaxos, C.B. Epmos, A.I'. Bono6oii, E.1FO. [leancos, N.C. [loremun, PekoHcTpykius
napamMeTpoB OOBEMHOTO PACCESIHUS Cpebl HAa OCHOBE H3MEpPEHHH peajbHBIX 00pas3iioB,
[penpuaTe UM um. M.B. Kennpima 67 (2019): 1-16. doi: 10.20948/prepr-2019-67.

[18] A. Kokhanovsky, Aerosol Optics: Light Absorption and Scattering by Particles in the Atmosphere,
2008. doi:10.1007/978-3-540-49909-1.

[19] M.D. King, Determination of the scaled optical thickness of clouds from reflected solar radiation
measurements, Journal of the atmospheric sciences 44(13) (1987): 1734-1751.

[20] S. Chandrasekhar, Radiative Transfer, Oxford University Press, UK, 1950.

[21] S.A. Prahl, The Adding-Doubling Method, In: Optical-Thermal Response of Laser-Irradiated
Tissue. Lasers, Photonics, and Electro-Optics, Springer, Boston, MA, USA, 1995.
doi:10.1007/978-1-4757-6092-7 5

[22] The Henyey-Greenstein phase function. URL: https://www.astro.umd.edu/~jph/HG note.pdf.

156 19-21 September 2023, Moscow, Russia



