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ABSTRACT

We are working to realize a high-quality, interactive ex-
perience with cultural properties as digital content. We
have developed a method to reproduce the texture of cul-
tural properties with structural colors by using several
computer graphics techniques.

1 Introduction

In recent years, with the development of computer
graphics (CG) technology, more and more cultural proper-
ties have been reproduced in realistic CG format for pos-
terity. There are many cases of CG of cultural properties
[1-3]. Advances in photogrammetric technology have
made it possible to obtain shapes, surface colors, and tex-
tures from multiple photographs with sufficient accuracy to
create computer graphics of cultural properties.

On the other hand, cultural properties often have com-
plex surface structures and features such as anisotropic
reflections and structural colors. Therefore, physically
based shading is often used to accurately reproduce re-
flective characteristics.

When we think the application of physics-based shad-
ing for realistic computer graphics of cultural properties, it
is necessary to measure the reflectance of light and the
surface material and structure necessary to determine the
reflectance based on physical laws. However, it is very dif-
ficult to obtain the information necessary for physics-
based shading for cultural properties because it is often
difficult to use special measuring equipment or to take
measurements over a long period of time.

On the other hand, let us consider the case where the
CG artist adjusts the colors entirely by hand, without any
need for physical correctness, to make the CG appear-
ance of an art object as close to the real object as possible.
In this case, when the material is widely known and it is
easy to define the object's color, adjustment may be easy.
However, since most art objects have complex structures,
no two of which are alike, and there are many local varia-
tions in materials, it is difficult to uniquely define the color
on the surface. In addition, when a work of art has complex
coloring, such as structural coloring, the position of the
light source and local variations in the surface structure
have a significant impact on its appearance. Therefore, it

ISSN-L 1883-2490/29/0544 © 2022 ITE and SID

is unrealistic for CG artists to manually adjust colors from
scratch in content creation.

We propose a shading method for structural color to
create interactive content of art objects with thin-film in-
terference and display them on an 8K display. While cal-
culating the reflectance of the thin-film interference on a
physical basis, the method uses the structural infor-
mation of the artwork, such as film thickness and mate-
rial, which are difficult to measure, as well as the color
space and intensity of the structural color when dis-
played on display, as changeable parameters. This al-
lows the CG artist to make final color adjustments by
comparing the actual image with the CG after obtaining
a minimum structural color of the thin-film interference.

The contributions of our paper are as follows:

1. We Introduce adjustable parameters for the local
variation of film thickness and the material of the
underlying thin film layer, which are necessary
for calculating the reflectance of thin film interfer-
ometry.

2. We introduce the color temperature of the light
source and the color space of the conversion
destination when converting the reflectance to
the display color as adjustable parameters.

3. We can adjust the parameters introduced in the
above two points and build a processing flow to
make the CG of the artwork used as interactive
content look closer to the real thing.

2 Related Works

Structural color is a coloring phenomenon resulting
from the wave-like behavior of light, such as diffraction
and interference. It is caused by principles such as thin-
film interference, multilayer interference, interference

due to microscopic irregularities, and the color play effect.

Structural color can be observed in various materials
such as soap bubbles, tamales, morpho butterflies, the
inside of shells, pigeon wings, DVDs, and jewelry.

Many studies have been proposed to compute these
structural colors using computer graphics. Arakawa et
al [2] and Huang et al [3] proposed the Rendering of
dove wings, which are structural colors by thin-film in-
terference.

Belcour et al. extended the microfacet theory for iri-
descence [4], and lwasaki et al. proposed a real-time
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rendering method for soap bubbles considering the struc-
tural color of thin-film interference [5]. The structural color
is pre-calculated from the reflectance of the thin-film inter-
ference. Next, the structural colors are stored in a look-up
table (LUT) that takes the film thickness, and angle of inci-
dence as inputs, and the soap bubbles are rendered in
real-time. In addition to soap bubbles, studies have repro-
duced the structural colors of the wings of morpho butter-
flies and opals [6, 7]. These methods can be applied only
to the specific structure of each object; Imura et al. have
proposed a general-purpose method for real-time render-
ing of structure-color objects caused by thin-film interfer-
ence, multilayer interference, and diffraction gratings [8].
The method utilizes thin-film interference, multilayer inter-
ference, and diffraction gratings all change color by chang-
ing the optical path difference, and real-time rendering can
be performed using a standard method by changing only
the optical path difference in addition to the film thickness
and angle of incidence, which is also supported by Iwasaki
etal.

In addition to the three parameters of Imura et al.'s
method, Asahina et al. use five parameters that can be
changed in real-time: local variation of film thickness, the
material of the underlying thin film layer, color temperature
of the light source, color space when converting reflec-
tance to color, and intensity of the structural color [9]. By
changing the five parameters in real-time while checking
the actual object to be rendered, it is possible to render

structural colors that more closely resemble the real object.

3 Our Method
In this research, while calculating the reflectance of
thin-film interference on a physical basis using the Asahina
et al. method, the color temperature of the light source and
the color space used to convert the wavelength of reflected
light into color, as well as the film thickness and material
of the thin-film structure, which cannot be measured, are
parameters that can be changed. The CG artist can adjust
these parameters while viewing the real object and create
a CG of cultural properties that is close in appearance to
the real object.
The shading procedure for a cultural property having
structural colors is as follows.
° Modeling the thin-film structure of the cultural
property
° Calculation of the reflectance of the thin film in-
terference
° Calculation of structural color considering the
source of incident light and the color space to
be displayed
° Creation of 3D LUT of structural color for inter-
active content creation
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° Determination of shading color parameters by
considering local changes in intensity and
thickness of the structural color

° Implementation of real-time shader on a
standard game engine

3.1 Calculation of Reflectance of Thin-film Interfer-
ence

Figure 1 shows the principle of thin-film interference.
In the figure, the parameters are that medium b of thick-
ness d exists between medium a and c, and that the re-
fractive indices of each medium are n,, n;,, and n.. In
this method, based on modeling the thin-film structure of
an oil drop bowl, medium a is air, medium b is glass, and
medium c is either ferric trioxide or ferric tetroxide.

media A
N

media B
ny

media C

n’{l

Fig. 1 The Principle of thin-film interference.

The reflectance of thin-film interference, Ry, , is the
square of the amplitude reflectance. Using Snell's law
and the laws of electromagnetism, the reflectance is ex-
pressed by the following equation.
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where 1, is the amplitude reflectance between medium
a and b, t,, the amplitude transmission, and ¢ the
phase difference. The relation between the phase differ-
ence and wavelength 1 and optical path difference A is

the following equation.
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3.2 Calculation of Structural Colors

We obtain the reflected light spectrum I,,.(1) from
Rgim Obtained in the previous section.

IoutO\) = Rfilm()‘)lin(}‘)' (3)

This is converted to the XYZ color space and then further
converted to match the display's color space to deter-
mine the structural color. Figure 2 shows example spec-
trums by thin film interference. As Figure 3 shows, a
slight difference in the refractive index causes a signifi-
cant change in the wavelength distribution, even if the
film thickness is the same. The manual color change is
difficult because of the multiple wavelength components
that are often present.
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Fig. 2 Example spectrum by thin-film interference.

temperature of the light source, and the color space,
which are defined as the parameters that can be
changed. To achieve this, we created 18 3D LUTs, as
shown in figure 3, by combining the three-parameter
candidates in a round-robin fashion. It can be seen that
the apparent color varies greatly depending on the com-
bination of the material of the underlying thin film, the
color temperature of the light source, and the color space.

I, In equation (3) is the spectrum of the reflected
light. The appearance of structural color is often very dif-
ferent when the light source's color temperature is
changed, even if the incident angle is the same. There-
fore, three color temperatures of Standard Illluminant Se-
ries D, 5500K (D55), 6500K (D65), and 9300K (D93), are
applied to I,,,;-

4 Results

3.3 3D LUT for Structural Colors

We introduce a three-dimensional look-up table (LUT)
as a texture for real-time rendering. This allows the game
engine to change structural color parameters in real time.
A 3D LUT has an incident angle from 0 to 90 degrees, a
reflection angle from 0 to 90, and a film thickness from 0
nm to 400 nm. The size of the 3D LUT is 64 x 64 x 64.
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Fig. 3 3D LUT of our method . . j
Fig. 4 Rendering results by our system.

When creating a single 3D LUT, three parameters must
be fixed: the material of the thin film underlayer, the color
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Figure 4 shows the result of a teacup rendered with our
method. The light source settings and the glazed areas are
not colored in the texture; only the structural colors are
used. As already mentioned, many parameters determine
the color of the structural color, and adjusting them is not
easy. For example, as shown in Figure 2, the color varies
greatly, even with changes in the refractive index. There-
fore, it is necessary to estimate the parameters to some
extent by estimating the glaze composition from past liter-
ature and the camera image.

In addition, the structural color of thin-film interference
also undergoes significant color change due to changes in
film thickness. Still, the thickness of the film is not constant
in glazed pottery. Therefore, slight differences in film thick-
ness can be accommodated by introducing a texture that
represents the film thickness.

The interactive content of computer graphics of work
created using our technique is on display at the museum
[11,12].

5 Conclusions

We have developed a real-time shading method for in-
teractive content and displaying them on an 8K display.
We can shade the structural colors of thin-film interfer-
ences in cultural properties, which are difficult to measure
physical parameters in the real world.

Our method is based on a physics-based calculation of
the reflectance of the thin-film interference. The technique
uses parameters such as thin-film thickness, base layer
material, light source color temperature, color space for
color conversion of reflected light, and structural color in-
tensity.

In addition, by maintaining the structural color in three-
dimensional (3D) LUTs, the shading results can be dis-
played in real-time by holding the structural colors. Apply-
ing the shading method to an oil-drop teacup showed that
the CG image was closer to that of the real object than the
conventional method.

Our method is based on physics-based calculations but
features manual adjustments for parameters that are diffi-
cult to measure or calculate. This allows engineers and
artists to interactively and manually adjust parameters and
reproduce even the most finely textured materials in CG,
such as cultural properties.

Acknowledgments
We thank Hideyuki Sakaguchi, CEO of StockGraphy,
for developing our method.

References

[11 SHARP Corporation, “8K Interactive Museum Exhib-
its,” 03 Oct. 2022.
https://global.sharp/brand/eshowroom/item/a26.html

[2] Y. Arakawa, K. Nakamoto, and T. Koike, “Real-Time
Rendering for Structural Color of Rock Dove,” 2019
International Conference for ADADA + CUMULUS,
2019.

IDW 22

(3]

(4]

(5]

(6]

(7]

(8]

E]

[10]

(1]

W. Huang, S. Merzbach, C. Callenberg, D.
Stavenga, and M. Hullin, “Rendering Iridescent
Rock Dove Neck Feathers,” ACM SIGGRAPH 2022
Conference Proceedings, Article 43, 2022

L. Belcour and P. Barla, “A practical extension to mi-
crofacet theory for the modeling of varying irides-
cence,” ACM Trans. Graph. 36, 4, Article 65, 2017.
K. lwasaki, K. Matsuzawa, and T. Nishita, “Realtime
rendering of soap bubbles taking into account light
interference,” Proc. Computer Graphics Interna-
tional, pp. 344-348, 2004.

J.-C. Gonzato and B. Pont, “A phenomenological
representation of iridescent colors in butterfly wings,’
in WSCG, 2004.

M. Imura, T. Abe, |. Kanaya, Y. Yasumuro, Y.
Manabe, and K. Chihara, “Rendering of ’play of
color’ using stratified model based on amorphous
structure of opal,” Proc. of the VIIth Biennial Austral-
ian Pattern Recognition Society Conf., pp. 349-358,
2003.

M. Imura, O. Oshiro, M. Saeki, Y. Manabe, K. Chi-
hara, and Y. Yasumuro, “A generic real-time render-
ing approach for structural colors,” in Proceedings
of the 16th ACM Symposium on Virtual Reality Soft-
ware and Technology, ser. VRST '09, p. 95-102,
2009.

Y. Asahina, K. Nakamoto, and T. Koike, “Study and
Evaluation for Various Parameters of Physically
Based Shading of Structural Color Materials by
Thin-film Interference in CG Production,” The 84t
National Convention of IPSJ, 6ZF-07 (2022). (in
Japanese)

“8k Cultural Property Appreciation Solution on dis-
play at the Aichi Prefectural Ceramic Museum,”
SHARP News release, 03 Oct. 2022. (In Japanese)
https://corporate.jp.sharp/news/ 220314-a.html
“Developed a method to express "structural colors,"
which change in color depending on the angle of
view and the way light hits them, in high-definition
8k 3DCG,” SHARP News release, 03 Oct. 2022. (In
Japanese)
https://corporate.jp.sharp/news/220314-b.html




