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Abstract

Many natural objects, and in general layered materi-
als, have non-linear reflection behaviour along the wave-
lengths. An accurate representation of phenomena such
as interference and colour separation generally requires a
fine spectral representation of light instead of the commonly
used RGB components. In this article, we introduce and
experiment with a general approach to create similar and
convincing effects, with a ssimple RGB BRDF model. We
present a model for both specular and a diffuse reflection.

keywords : BRDF, reflection model, interference, spectral
effects

1 Introduction

The bi-directional reflectance distribution function
(BRDF) has proven its efficiency to describe complex light
interactionswith surfaces. A large range of material appear-
ances can be represented by thislocal approach, asit can be
noticed in the high quality of the nowadays computer gen-
erated images. BRDF models have played an essential role
in creating realistic illumination of the virtual worlds.

In order to simulate effects such as old metallic objects
or those with a thin transparent layer, with a wavelength-
dependent refraction index, it is necessary to make the
BRDFs dependent on the wavelength, thereby adding an
additional dimension. Most previouswork in thisarea[17,
6, 18, 10], is based on a fine spectral representation of the
light. That work is focused on accuracy for a physical sim-
ulation of the light reflection.

Because RGB is the most commonly used light represen-
tation in computer graphic, as thefinal display process uses
the same encoding, we want to explore the possibility of
creating such effects with a limited number of wavelength
samples, only three samples (645 nm -R, 525 nm -G, 445
nm -B as an example). With this common restriction, the
resulting models can be merged more easily in the current
image production process.

Thus, our main goal isto create arealistic and aconvinc-
ing model, even if it is not an accurate physical model. We
will mainly focus on the simplicity, and on the low number
of parameters.

1.1 Overview

In this paper, we introduce a new BRDF model, based
on the commonly used RGB representation of light. This
model allows computing some prominent wavelength-
dependent effects.

We begin by reviewing the existing work on the topic,
which is mainly focused on creating accurate models for
such effects, in general based on a fine spectral representa-
tion. Then, we will present our general approach to create
interference and colour decomposition with a simple RGB
basis. With this approach, we will describe two possible
implementations, one for the specular case, one for the dif-
fuse case. Then we will show, by some results, the possible
range of appearance that such approach allows to compute.

2 Previous Work

A lot of work during the past thirty yearsin order to cre-
ate BRDF models that have a convincing behaviour, from
the well-known Phong model [15] and its adaptation by
Lafortune et a. [12] to make it more physicaly plausi-
ble or to extend if in a more genera way [13]. Many
complex representations have also been developed to sim-
ulate the influence of the underlying geometry (micro-facet
model [19, 1]), or the subsurface scattering [4], or to ob-
tain an accurate representation by areal physical model [5].
This last one has an accurate wavelength behaviour, but
can't represent phenomenalike interference and colour sep-
aration.

To alow fast computation and an easy integration in
global illumination problem (for an easy stochastic sam-
pling), Ward [20] and Schlick [16] have introduced simpler
models, between empirical and physical. Together with the



Phong model and its variants, these are today the most com-
monly used due to their efficiency and their simplicity.

But despite the complexity of, for example, the model
by He et al. [5], none of these representations can simulate
anumber of non-linear wavelength effects. One of these ef-
fectsis the diffraction due to a non-planar surface when the
size of underlying micro-geometry reaches the wavelength
size, like those we can see on a CD-ROM surface for exam-
ple. Stam [17] hasintroduced a general reflection model for
these effects, and Sun et a. [18] a model restricted to the
CD-ROM simulation. All these methods require multiple
wavelength samples to have convincing results and cannot
deal with the phenomenadueto alayered surface.

Icart et al. [11, 10] have introduced physically based
models for multiple layered surfaces, for both layers
with parallel boundaries [11] and those with uncorrelated
one[10]. These modelsare based on solid physical assump-
tions, by are quite complex and require a fine spectral rep-
resentation of thelight. Hirayamaet al [7, 9, 8] provide also
an accurate model for materials with parallel layers and an
approximation [6] for rough surfaces. Their model is based
on recursive traversal of al the layers and require also this
fine discretisation of the wavelength.

Since our god is to provide a simpler model that can
compute similar wavelength effects for layered materias,
with the RGB base for the colour representation, all these
previous approaches are too complex for our purpose and
requiretoo many wavelength samples. We will focuson the
creation of aheuristic model that allow computing convinc-
ing appearance, and on the reduction of the complexity of
the previous solutions.

3 General Presentation

In this section, we present our approximations and the
genera form of our BRDF model. The detailed implemen-
tations will be described in the following sections.

3.1 Wavelength Effects

We can determine two wavelength effects due to the
propagation in a layer. The first one is the phase change
between the light directly reflected and the part that hastra-
versed the layer. The second is alocal prism configuration
that can create some colour separation if the refraction in-
dex is varying with the wavelength. In our BRDF model,
we want to integrate these two effects.

The phase differenceinfluencesthe interference between
the directly reflected energy and the energy dueto the travel
through the layer. The two energies can be added or sub-
tracted. The size of the layer is the main influence for the
phase change[3].

The colour separation is a well-known effect of the
prism, for a material with a non-constant refraction index.
This effect can also occur in a layered materia if the two
boundaries of the layer are not parallel. This configuration
creates locally the same geometry than a prism.
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Figure 1. Local Layer geometry

3.2 Local Configuration

To integrate these two effects, we will use the layer con-
figuration described in Figure 1. The material is composed
of athin layer with uncorrelated boundaries. We make also
the classical assumption, that the layer size is small enough
to neglect the distance between the directly reflected ray and
the ray resulting from propagation through the layer. Then,
we suppose that locally, the layer size d is constant and the
normal of the two boundaries (between vacuum and layer -
from0to 1 - and between thelayer and the object - from 1to
2) are uncorrelated. When the two normals are not aligned,
this creates alocal prism configuration.

Along the surface, we can make varying the size of the
layer to create different interference effects. We can change
also the relative position of the two normals. The normal
variation can be correlated to the d variation, then we have
only one parameter to make local change. These two pa-
rameters can be also independent for, as an example, creat-
ing colour decomposition with a constant-height layer. This
independence will increase the range of possible reflection
effects.

Note that, in such configuration, the multiple reflections
in the layer are quickly absorbed [6]. We will use then only
the first one.

3.3 Phase Computation

The phase change for awave after atravel trough alayer
with two perfectly parallel boundary surfacesis commonly
expressed as [3]

<ﬁa_ﬁ0 >7 (1)




where < -,- > is the dot product, A is the wavelength, and
ri(A) therefraction index of the layer. In thisformula2d <
fi,—fo > represent the distance covered by the ray in the
layer along the main axes (i.e. fp). This expression isonly
valid for the mirror direction of theincoming light (i.e. 7';).

For our case, we need to consider every possible out-
going direction. We can then express more generaly the
distance covered by the ray by

d(<@,—-fo>+ <, —Mo>), 2

where Ty depends on the normal fi; of the lower boundary
surface. Eqg. 1isnow only valid for the special case where
the outgoing direction @ correspond to the mirror one. The
more general phase change can be expressed as

rl(i“)d <E 4+, Mo > €)

) (T, G, K) =x
3.4 Resulting Energy

Once we know the phase difference, we can compute the
resulting energy dueto interference between the directly re-
flected energy |, and the transmitted energy ;. It is com-
monly [3] expressed as

Iy + It + 2c08(2®) /1, Iy 4

We choose then as a genera representation of our BRDF
models:

p(isr) = R(ToA)+T (7o) +

200820 (1,64 ) R(162) T (R.0)
©)

In this equation, R represents a BRDF for the direct re-
flectionand T a BRDF for the transmission part.

We have to be careful when we choose the two functions
Rand T, as we want to be able to compute a convincing
solution with only three components. If we choose Dirac-
based functions, we will generate, in the best case, the three
distinct RGB coloursfor thethree different wavelengths. To
allow some smooth transition between the colour, we use a
lobe representation, similar to the Phong models [15], to
simul ate the wavelength dependency of the material.

4 Phong-like M odél

As said in the previous section, using Phong lobe is the
easiest way to create smooth transition between wavel ength.
We will use then two independent Phong models, one for
the reflection, one for the transmission. This allows us to
represent the effects of two uncorrelated and rough bound-
aries of the layer.

Note that in the following description, we will point out
each time that a parameter is wavelength-dependent. By
default, a parameter is wavel ength-independent.

Note also that we will use the assumption of an increas-
ing refraction index from outside (0) to the inside (2). With
this condition, any ray can be refracted. It can be easily
removed, by adding atest on the maximum refracted angle.

4.1 Reflected Part

The reflected part R(T, d,A) is a Phong reflection
weighted by the amount of energy that is directly reflected.
It can be then written as

R(T,fﬁ,k) :f(—T,k) <F,8>% (6)

where F (i) isthe Fresnel term. For efficiency purposes,
we chose the Schlick approximation [16]:

]-"(T,k) —fM)+(1-fW))(1-<TH>)° (7

where f(A) is the Fresnel coefficient (i.e. Fresnel term at
normal direction):

_(ro-rM\?
fh) = (ro+r1(%)> ©®

Inthisequation rg isthe refraction index of air (or vacuum)
and ri(A) is the refraction index for the layer for the cur-
rent wavelength. Considering that rg ~ 1 this reflection is
fully determined by only 4 parameters, the RGB refraction
indexes, and the Phong exponent.

4.2 Transmitted Part

We choose the same representation for the transmitted
part 7 (V,A). Asthe sum of the reflected and the transmit-
ted energy is always 1, the transmission term can be simply
obtainedby 7 =1—F,or:

TEA) = (1-f(L) (1— (1+ < ¥,n >)5) 9)
The transmitted part can be then written as
T (T,a,x) - (1—?(?,%)) T (E,1) < i, —To > (10)

Note that this function has a null value for the three follow-
ing conditions.

<ﬁ,ﬁ1> > 0
<f0,ﬁl> Z O
<ﬂi7f0> Z 0

They correspond to the case where there is no possible re-
flection in the layer, due to the local configuration. When
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Figure 2. Diffuse part

the boundaries of the layer are parallels, these three condi-
tions are always true.

Likefor thereflected part, thetransmitted part isfully de-
termined by only 4 parameters, the RGB refraction indexes,
and the Phong exponent.

4.3 Discussion of the Parameters

There is two parameters do determine the local configu-
ration and five parameters to describe the BRDF behaviour.

The two parameters for the local configuration are the
distance, and the normal variation between the two bound-
aries. The distance influences the colour of the reflection, a
low one will create in general ared colour. If we increase
it, blue and green colour will appear. The norma varia-
tion controlsthe creation of the colour-separation (rainbow-
effect). The greater is normal variation, the better the sepa-
ration.

The colour decomposition can appear only if, at least,
two of the three refraction indexes are different. In general,
the refraction index is decreasing with increasing wave-
length (i.e. the blue index would be higher than the green
one, which would in turn be higher than the red one).

Thus, the two Phong exponents will control the rough-
ness of thetwo boundariesof thelayer, and theinterpol ation
between the different colours. Low exponents will result in
ablurry colour separation, and too high value will no create
the smooth transition that we are expecting.

5 Diffuse Reflection

Diffuse reflection increases in general the realistic feel-
ing of ascene. It allows describing the more generally per-
ceived colour of the objects. As we have for the specular

part, we want to investigate if we can create a diffuse model
on which the layer has an influence. For this case, only the
thickness of the layer has an effect on the resulting colour,
since colour separation is a purely directional effect.

A diffuse approximation of the Phong-like model can be
obtained by averaging it along the incident and reflected di-
rections. But theresulting integration hasno trivial solution,
and this approach can’t then provide a simple expression.
However, we can note that resulting equation is similar to
the original one Eq. 5:

pd = R+ T +2c0s(2®)VRT

where - representsthe averaging operator. The resulting dif-
fuse coefficient is still the sum of the reflected part with the
transmitted part, and with the interference part. We approx-
imate then the diffuse reflection with the same model:

paM) = Ri(M)+Ta(M)+

2cos(2®())) (11)

Ra(M)Ta(A)

where Ry is the diffuse term for the reflected part, Ty is dif-
fuse term for the refracted part, and @ is an average phase
change.

To define Ry, we simply compute the average value of
the reflected part in the Phong-like model (Eg. 6), when the
Phong exponent in zero g = 0. Thus, we obtain :

Re(h) = 1 =38ror1(M) +21(ra(A)*+rf)

21 (I’l(}\,) + I'o)2 (12)

Considering that there is no absorption in the layer, we can
definethen Ty =1— Ry, i.e.:

. 80 lol1 (7\.)

T4 = 20 1) + 102

(13)



To compute an equival ent phase change between the dif-
fuse reflected and the transmitted part, we can use the pre-
vious expression of the phase change (Eq. 3) at the normal
direction. In fact, the average refracted cosine (i.e. the av-
eragevalueof < fi, —p >) is:

11 (F5R) ()% =1d) + 2o
4 ri(M)ro

(14

When rg ~ 1, this value quickly convergesto 1 whenr 1(A)
isincreasing (for ry = 1.5, like glass material, this expres-
sionisegual to .85).

Then, we choose as the equivalent phase change the fol -
lowing value

d(\) = 2nrl(;:)d (15)
and the diffuse coefficient becomes

ry(A)d
)

By combining the diffuse reflection and the specular reflec-
tion, we can create a complete model of alayered surface.

pd(A) = 1+ 2cos(4n )VTa(A)(1-Tg(X)). (16)

6 Results

In this section, we will present some images from our
implementations of the general RGB BRDF model. These
were implemented in a ray-tracing renderer. These results
will show the possible range of effects that such approach
can provide. Wewill perform sometestsfor both the diffuse
reflection and the Phong model.

6.1 Variation of the Layer Thickness

We use Perlin noise [14] to compute the variation of the
layer size. Then, we can control the colour variation by
adjusting the range of the layer height. The more visible
effects appear for diffuse model, as shown in Figure 2 and
Figure5 1.

As explained in the section 4.3, alow layer size will re-
sult in genera in ared colour, and a higher valuein blue or
green values, has you can seein Figure 5.

With only the height variation, we can an create the ap-
pearance of old-metal (Figure 2-1€ft), clay (Figure 2-right),
or some more coloured effects (Figure 2-centre).

6.2 Normal Variation

By introducing a difference between the normal orienta-
tion of thetwo layer boundaries, we create both deviation of

1Thefigures 2 to 5 are also available in the color plate

constant deviation 10°

Phong exponents: e0 =90, el = 170
RGB refraction indexes: 1.4, 1.45, 1.6
Height range: 66-76 nm/ Phong Vs Diffuse: 1-0.7

Figure 3. Normal variation

the reflected direction, (Figure 3), but also a colour separa-
tion when the RGB refractionindices are different (Figure 3
and Figure5). Inthese examples, the differencebetween the
two normalsis constant over the surfaces.

6.3 Combining Both Effects
We can combine also the normal deviation and the height

variation independently to create more effects. The height
will control the base colour, and the normal deviation the



colour decomposition (Figure 3 and Figure 5).

Phong model only

Figure 4. Normal / layer size correlated

But the normal deviation can be also correlated to the
variation of the layer thickness (Figure 4), as for bump-
mapping [2]. This allows creating more effects, like those
visible when thereis a thin layer of oil on asurface.

7 Conclusion

In this paper, we have presented a simple and a gen-
eral approach to integrate wavelength dependent effects for
a layered surface, to a traditional RGB BRDF approxima-
tion of the local light reflection. This approach allows to
compute the interferences between the light that is directly
reflected and the part the light that have traversed the layer,
but also to create colour separation when the refraction in-
dex is non-uniform in the layer, and when the two bound-
aries of the layer are not paralld.

We have presented two implementations of this ap-
proach, a Phong-like specular reflection, and a diffuse
model. Even if this models is not completely physically
based, these implementations show that realistic effects can
be achieved by adjusting asmall set of intuitive parameters.
This allows for computing a large range of surface appear-
ances that are based on layered materials.

Futurework

Since this approach has not been design to be physically
accurate, but only to create convincing effects, it has several
drawbacks. However, it will beinteresting to use this model
to fit some measured BRDF datato it. Due to the low num-
ber of parameters, it will be easier to fit the measured data

to this representation. A simple non-linear optimisation ap-
proach should be sufficient.

Although thismodel show that wavel ength dependent ef -
fects are possible by using only the RGB representation of
colour, a more accurate representation can be investigated.
By using the projection function from a spectral represen-
tation of the light to the RGB component, a more physical
model can be developed. The main problem is here to find
the correct approximation to be able to find simple solution
to the resulting integration.

Also, as we provide a simple RGB model, some hard-
ware accelerated methods can be investigated. Our gen-
eral approach can be integrated more easily in the standard
graphic pipe-line.
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