Rendering Iridescent Colors Appearing on Natural Objects
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Abstract

Iridescent colors appearing on natural objects, such as
the feathers of a hummingbird, surfaces inside seashells,
and shells of beetles, are beautiful and impressive. The
cause of such iridescent colors is interference of light in-
side multilayer film structures covering the natural objects.
Thispaper proposes a method for realistically rendering iri-
descent colors appearing on natural surfaces, taking into
account interference of light inside multilayer structures.
To render the iridescent colors, we have developed an illu-
mination model for multilayer structures fluctuated through
the use of a hypertexture. e also have improved the hyper-
texture to be able to represent fluctuated parametric curved
surfaces. Several examples of iridescent colors on the sur-
faces of a seashell and a beetle demonstrate the usefulness
of the proposed method.

keywords: iridescent colors, multilayer films, fluctuated
surfaces, hypertextures, Bezier surfaces

1. Introduction

Researchersin the field of computer graphics have been
involved for some time in rendering natural objects such as
water, clouds, plants, and so on, and thus many methods for
rendering natural objects have been developed[1][10][3].
Despite these advances, however, many problems remain
unaddressed in rendering optical phenomena appearing on
natural objects because of their complexity and multifor-
mity.

One of the unaddressed problems is the rendering of iri-
descent colors appearing on natural objects, such as the
feathers of a hummingbird, the inside of seashells, shells
of beetles, and so on. The iridescent colors have a strong
impact and are caused by interference of light inside multi-
layer film structures covering the natural objects. For ex-
ample, the multilayer structure found on the surfaces of
seashells and pearls consists of aragonite crystal layers and
protein membraneg[9][11] (see Fig. 5(a)), the feathers of a
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hummingbird consist of keratin and melanin layerq[ 7], and
the structure of butterfly wings consists of air and chitin
layerg[15]. The purpose of this study isto realistically ren-
der iridescent colors appearing on the surfaces of such nat-
ural objects, taking into account interference of light inside
multilayer structures.

Methods for visualizing interference phenomena caused
by layered structures, for example, soap bubbleg14][4],
film-coated glasy 6], pearl9[ 9], windowpaned 8], and so on,
have been developed. In these methods, however, layers are
restricted to uniform structures, that is, structures with each
layer having a constant thickness over the entire surface,
meaning that multiple layers with fluctuated thickness and
refractive indices cannot be handled. The methods cannot
render iridescent colors appearing on natural objects, be-
cause the natura objects are comprised of fluctuated mul-
tilayer structures, and the color therefore is dispersed. In
this paper, we extend a rendering method that can handle
the fluctuations of such multilayer structures.

Methods for representing fluctuated objects have been
proposed in the field of computer graphics, with the rep-
resentative methods including bump mapping[5], displace-
ment mapping[2], and hypertexture[12]. However, bump
mapping cannot change the shape of objects, displacement
mapping cannot change the attributes of surfaces such asre-
fractive indices, and hypertexture cannot handle parametric
free form surfaces.

To render iridescent colors appearing on natural objects,
we extend an illumination model of uniform multilayer
filmg[8] in order to handle fluctuated multilayer films based
on hypertexture. Furthermore, we also improve hypertex-
ture to be able to represent fluctuated parametric free form
surfaces.

In this paper, we first discuss interference of light inside
multilayer films, and introduce a method for calculating re-
flectances and transmittances of the multilayer films. Then,
in Sec. 3, anew method for redlistically rendering irides-
cent colors on natural objects is proposed, and in Sec. 4,
several examples of the proposed method are demonstrated.



2. lllumination Model of Multilayer films

Iridescent colors appearing on natural objects are caused
by interference of light inside multilayer films covering the
object. In this section, a method for rendering iridescent
colors caused by multilayer filmg[8] is described.

2.1. Uniform multilayer models

Incident light upon multilayer films is reflected and re-
fracted at each boundary of the layers, and interference and
absorption of light occur inside the multilayers (see Fig. 1).
Asaresult, iridescent colors appear on the surface of a nat-
ura object with multilayer structures.

In computer graphics, several methods have been devel-
oped to render optical phenomena caused by films coated
on an object. The most accurate method for rendering
optical phenomena takes into account multiple reflections
and refractions, interference, and absorption of light inside
multilayers[8].
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Figure 1. Light propagation inside amultilayer
film

2.2. Calculating reflectances and transmittances of
multilayer structures

To calculate reflectance and transmittance of N + 2 lay-
ered films shown in Fig. 2, both a refractive index and the
thickness of each layer are specified as input data. Reflec-
tivities and transmissivities of each boundary and phase dif-
ferences of each layer are derived by Fresnel formulae and
Snell’s law. Reflectance and transmittance of the multilayer
film are calculated by the following seed and recurrence
equations[§].
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Figure 2. N + 2 layered films

The seed equations (j = N + 1):

Y0 =TN+1, D
To = tN+1, 2
The recurrence equations (j = N, - -+, 1):

i+ YN—j e2ipj
= ,, 3
IN—j+1 1 + 7 YN e2ip; ( )

tiTN—j eI

(4)

TN—j+1 = 1+ AN o2ip;’
where ¢ denotes an imaginary number, and r; and ¢; are
a reflectivity and a transmissivity at a boundary between
(7 — 1)thand j-th layers, respectively. ¢, is aphase differ-
encein j-th layer. yy_;41 and 7x— ;41 are acomposite re-
flectivity and a composite transmissivity between (N +1)th
and j-th layers, respectively, taking into account multiple
reflections and refractions, interference, and absorption of
light. Finally, composite reflectances and transmittances of
the multilayer film are obtained by calculating the square of
the absolute value of the composite reflectivities and trans-
missivities, respectively[8].

2.3. Iridescent color s caused by uniform multilayer
films

An example of rendering iridescent colors caused by uni-
form multilayer films is shown in Fig. 6(a). The center
and left plates are coated with the multilayer structures of a
seashell and a buprestid beetle, respectively (see Figs. 5(a)
and (b)). Each layer covering the right plate becomes 20 nm
thicker than that of the left plate.



Iridescent colors appearing on the surfaces in Fig. 6(a)
are too regular compared with those of natural objects, be-
cause the multilayer films are of uniform thickness. To ren-
der iridescent colors appearing on natural objects, multi-
layer films with fluctuated thickness should be taken into
account.

3. Modeling Natural Object Surfaces

For realistic rendering of iridescent colors appearing on
natural objects, it isnecessary to represent not only geomet-
rically smooth surfaces but also fluctuated surfaces such as
the inside of seashells, shells of beetles, and so on. For
modeling the surfaces of natural objects, a hypertexture[12)]
defined on aBezier surfaceisnewly devel oped inthis paper.

3.1. Hypertexture

In 1989, a hypertexture with the following features was
introduced to represent the complex shapes of objectg12].

e Each object has an object density function, D(x), and
the output of the function varies from O to 1, depend-
ing on the density of the object. The output range is
called a soft region. The object density function D(x)
is expressed as follows.

0 (d>s)
D(x) = ZZ—Q (0<d<s) ©)
1 (0<d)

where s and d denote asoftness and adistance between
the object surface and position x, respectively.

e The shape of an object is modulated by a density mod-
ulation function (DMF), f;, as the function modulates
the density distribution inside the soft regions. A hy-
pertexture, H, with object density function D at posi-
tion x is given by

H(D(x),x) = fu(--- (1 (fo(D(x))))),  (6)
wheref;(i =0, - - -n) are DMFs.

A ray marching algorithm[16] is used to render objects
with hypertextures. In the algorithm, aray progresses step
by step over a short distance, and hypertextures at each
position, P, are calculated. If the hypertexture density
H(D(P), P) is greater than 0, the normal vector N of the
object at the position P is calculated using the densities at
three sampled points near the position P.

T

N(P)= [H(P)-HP -AP,)| . (7

H(P) — H(P — AP,)
[H(P) —H(P — AP.)

where AP, AP,, AP denote the neighbor positions to
the position P toward the directions z, y, and z, respec-
tively. Reflected and transmitted rays are also cast recur-
sively from the position P.

3.2. Extension of hypertexture

In the proposed method, a hypertexture is used for mod-
eling fluctuated multilayer structures covering the natural
obj ects whose surfaces show iridescent colors. However, a
hypertexture defined on parametric curved surfaces has not
been developed yet. Parametric surfaces such as Bezier sur-
faces are indispensable for modeling natural objects, and
we have therefore extend a hypertexture defined on Bezier
surfaces.

3.2.1. Fluctuated multilayer structures

To render iridescent colors appearing on a natural ob-
ject, multilayer structures covering an object are modified
through the use of the hypertexture. That is, the thickness
and/or refractive index of each layer are fluctuated by the
object density function used in the hypertexture.

dj(dj, x) = fu (-~ (f1(fo(d5, %)), (8
n(n;,%) = gn (- (81(80(n5,%)))), ©)
where d’; and d; are a modulated layer and a layer of a
given thicknesses of j-th, respectively, and n’; and n; are
a modulated index and a given refractive indices of j-th
layer, respectively. x is a position on the surface of multi-
layer structures, and f, and gi.(k = 0, - - - , n) are thickness
and refractive index modulation functions, respectively. Re-
flectances and transmittances of fluctuated multilayer struc-
tures are then calculated using Egs. 1 through 4[8].

3.2.2. Improved ray marching

A ray marching algorithm is expensive in computational
cost, because the density of objects is evaluated at every
sampled point of a ray. In the proposed method, the ray
marching process is skipped ahead to the intersection be-
tween a cast ray and bounding volumes of objects with the
hypertexture. The bounding volume may contain a single
object or a group of objects. If a ray intersects one of the
bounding volumes, the ray marching process is invoked.

3.2.3. Calculating distance between a point and a
Bezier suface

The hypertexture is extended for application to objects
modeled by Bezier surfaces. To obtain the density of the
hypertexture defined on a Bezier surface, it is necessary to



cal culate the distance between a certain point and the Bezier
surface. In this section, after explaining a distance calcula-
tion in 2D space, we propose a method for calculating the
distancefrom a certain point to aBezier surfacein 3D space.
Let'sconsider a degree N Bezier curve, C(u),

N
u) =Y P;B(u), (10)
1=0

where v is a parameter, P;(i = 0,---,N) are control
points, and BY is a Bernstein function. To calculate the
distance from point Q to Bezier curve C(u), the orthogonal
relationship between a line passing through the point and
the curve is used (see Fig. 3).

the closest point

Figure 3. The orthogonal relationship

[C(u) —QJ. (11)

Substituting Eq. 10into Eq. 11, the following equations are
derived.

2N—-1
= > ABINTY (12)
13 | N
> (Pryi—Py) - (Pi-Q)-
k=0 [=0
N-1\ /(N
LLMQM”m)
<2N'— 1> L
(3
1 G=k+D)
Jitk, 1) = {0 (otherwise) - (14)

Equation 12 isalso aBezier curvewith degree (2N —1). In-
tersection points with the perpendicular lines and the curve

are calculated by solving equation g(u) = 0, and a Bezier
clipping agorithm[13] is employed to solve the equation.
Among the intersection points, the closest point to point Q
is selected to determine the distance from the point to the
curve.

The method for calculating a 2D distance described
above is extended to the method for a 3D distance. That
is, a method for calculating the distance between a point
and a Bezier surface is developed.

Let'sconsider aBezier surfacewith N x M degree,

N M

=> > PyBY(w)BY (v). (15)

1=0 j=0

To calculate intersection points between a Bezier surface,
S(u,v), and its norma passing-through-point, Q, an ex-
tended version of Eq. 11 with respect to u-direction is de-
rived.

gulu,) = -S(u,0) - [S(u,v) = QI (19

Substituting Eg. 15 into Eq. 16, the following equations are
derived.

2N—-12M

Z ZA”BQN 1

=0 7=0

s () 0) <%2 )
(Pii10—Pri) - (Pom — Q) filk, 1) f; (n,]m), a8
filk,1) = {1 (i=k+1)

0 (otherwise)

wBM(u),  (17)

(19)

Equation 17 shows that g, (u,v) is a Bezier surface with
(2N — 1) x 2M degree. In the same way, a function,
gv(u, v), with respect to v-direction can be derived. To cal-
culate intersection points, we find the parameters (u, v) that
satisfy both equations, g, (u,v) = 0 and g,(u,v) = 0, a
the sametime. A Bezier clipping algorithm can be also em-
ployed to solve the problem (see Fig. 4). The clipping pro-
cessis carried out for v and v directions, alternately. Asa
result of the clipping, intersection points between a Bezier
surface and its normal are obtained. The distance between
the point and the Bezier surfaceis determined by the closest
intersection point to the calculation point.

Itis possiblethat the closest point to the calculation point
islocated on the edges or vertices of the Bezier surface. To
address that problem, the closest point is selected among the
intersection points, with both a Bezier surface and Bezier
curves defined on the surface edges and four vertices of the
surface.



Figure 4. A Bezier clipping algorithm

4. Examples

4.1. Multilayer structuresof natural objects

Figure 5 shows multilayer structures of a surface in-
side a seashell and inside the shell of a buprestid beetle
(Chrysochroa fulgicissima). In the examples used in this
section, the multilayer structure of the seashell consists of
fourteen sets of aragonite crystal and protein layers[9][11],
and that of the beetle consists of six sets of keratin, melanin,
keratin, and air layers.

Air

Aragonite crystal (400 nm)

Aragonite crystal (400 nm) ggtﬁg)
Aragonite crystal (400 nm)
~¥
(@ aseashell
Air
Melanin (170 nm)
Afr (70 nm) Keratin
2/ (50 nm
Melanin (170 nm) ( )
Air (70 nm)

(b) abuprestid beetle

Figure 5. Multilayer structures

4.2. Comparison of fluctuated multilayer structures
and uniform structures

Figure 6 shows acomparison of iridescent colors appear-
ing on fluctuated multilayer structures and those on uniform
structures. Each plate in Fig. 6(a) has a uniform multilayer
structure on the surface, while in Fig. 6(b) each plate has
a fluctuated multilayer structure. The center and left plates
have the same multilayer structures as those of the seashell
and the buprestid beetle shown in Figs. 5(a) and (b), respec-
tively. Each layer covering theright platein Fig. 6 becomes
20 nm thicker than that of Fig. 5(b).

The multilayer structures in Fig. 6(b) are modulated by
using the following DMF.

d; = dj + 100 X fogise(x), (20)

where j denotes the number of layers, x denotes a position
on the surfaces of plates, and the position x is a sampled
point on aray. d’; and d; are a modulated thickness and a
given thickness, respectively. froise iS@anoisefunction given
in the article[12], and therangeis [—1, 1].

Using the extended hypertexture, iridescent colors are
dispersed over the plates as shown in Fig. 6(b).

4.3. A seashdl

Iridescent colors appearing on a surface inside a seashell
are rendered by the proposed method in Fig. 7. The shape
of the seashell is modeled using twelve Bezier patches, and
the multilayer structure of the seashell shown in Fig. 5(a) is
used. The multilayer structureis modul ated by the extended
hypertexture, that is, the thickness of aragonite crystal lay-
ersis modulated in the same way as used in Fig. 6(b) (see
Eqg. 20).

Refractive indices, n;, of both the aragonite crystal lay-
ers and the protein layers are also modul ated.

where n; and n; are a modulated index and a given refrac-
tive index, respectively.

Observing the rendered seashell, iridescent colors are
subtly dispersed due to the fluctuation of the multilayer
structure.

4.4. A buprestid beetle

Iridescent colors appearing on the shell of a buprestid
beetle are rendered in Fig. 10. The shape of the beetle is
modeled using 176 Bezier patches, and the multilayer struc-
ture of the beetle is used as shown in Fig. 5(b). Both the
multilayer structure and the object shape are modulated by



(@) Uniform multilayer structures

(b) Fluctuated multilayer structures

Figure 6. Comparison of fluctuated multilayer structures and uniform structures

Figure 7. A seashell

the extended hypertexture. The thickness of each layer is
modulated using the following DMF.

dj = dj + g(u), (22)
0 (u < 0.6,u>0.8)
g(u) = { 10 (u>0.65,u <0.75)
10 x (0.1 — |0.5 — u|) ,
(otherwise)
0.05
(23)

where u is a parameter of Bezier surfaces, g(u) is a DMF
shown in Fig. 8, and d’; and d; are a modulated thickness
and a given thickness, respectively. The refractive indices
of multilayers on the shell of the buprestid beetle are fixed.

The shape of the buprestid beetle is also modulated us-
ing the following equations with respect to the parameter
u-direction of Bezier surfaces.

H(D(x),x) = D(x) — fi1(fo(5 x u), f0(0.2), fo(0.1))
= f1(fo(10 x u), fo(0.05), fo(0.01)), (24)
fO (t) = [1 + fnoise(t)] t, (25)

where f; (see Fig. 9) and f, are DMFs. For v direction of
Bezier surfaces, the modulation is carried out in the same
way.

Fluctuated shells of beetles are rendered by the proposed
method, and the metallic colors found in actual buprestid
beetles are represented.



Figure 10. A buprestid beetle
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Figure 9. DMF, fi(u)

5. Conclusions

We have proposed a method for realistically render-
ing iridescent colors appearing on surfaces of natural ob-

jects, taking into account interference of light inside multi-
layer structures. The proposed method fluctuates multilayer
structures based on a hypertexture that have been extended
to handle parametric free form surfaces. Several examples
of iridescent colors of natural objects demonstrate the use-
fulness of the proposed method.

Further research should be carried out to determine suit-
able parameters of DMFs and noise functions to render a
realistic appearance of objects modulated by the hypertex-
ture. Another challenging task ahead includes a rendering
method for taking into account the effects of suspended par-
ticles contained in multilayer films and directional diffuse
reflection of abase material covered with multilayer films.
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