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The titanium oxide layer undergoes diverse color changes due to thin film interference.
Because of its high designability, expectations for various applications are increasing. Accu-
rate representation of the interference color and texture of the oxide layer formation in simu-
lation will lead to design support. In this study, we investigated the simulation of interference
colors of a thin oxide layer on titanium in two steps. The first is a half vector-based thin film
interference model for expressing the interference color macroscopically, and the second is a
microfacet-based thin film interference model for expressing the surface roughness structure
microscopically. Both simulation results show that an average color difference of within 5.0
and Grade 4 in the color tolerance classification, which are sufficient for practical use.

1. Introduction

The demand for high designability materials is increasing in
manufacturing. Titanium creates various interference colors depend-
ing on the thickness of the oxide film formed by anodization (here-
inafter referred to as anodized oxide film). Also, various textures are
produced by the surface unevenness of anodized titanium. The su-
perimposition of these various interference colors and surface un-
evenness creates rich designability. Interference colored titanium is
being deployed in various fields such as buildings (Fig. 1) and orna-
ments. Accurate representation of titanium designability by CG sim-
ulation is expected to facilitate the visualization of the desired de-
sign and to support the design process.

Material texture expression technology by CG simulation is used
in various fields such as product design and online marketing. Par-
ticularly, the importance of texture representation is increasing in
the fields related to the creation of values such as design and attrac-
tiveness. To accurately express the color and texture of a material, a
physically based modeling and rendering approach that focuses on
the physical phenomena peculiar to the material is effective in simu-
lating the optical phenomena of the material.

We conducted a two-step study on the simulation of interference
colors using an anodized oxide film. The first step is a model (half
vector-based thin film interference model) that macroscopically ex-
plains the optical phenomenon characteristic of the anodized oxide

film through which an interference color is visible in the diffuse re-
flection direction and a simulation that is applied to SD titanium
samples (with a cold rolled surface and relatively small uneven-
ness).? The second step is a model that microscopically explains the
roughness structure of the titanium surface (microfacet-based thin
film interference model) and a simulation that is applied to ND tita-
nium samples (with a dull surface and relatively large unevenness).?
The simulation results confirmed that the titanium samples have
practically satisfactory color accuracy with an average color differ-
ence (AE) of within 5.0 and Grade 4 in the color tolerance classifica-
tion. The two models and the simulation results are described below.

Fig.1 View of color-decorated building using titanium oxide layers
(Hotel Marques de Riscal)
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2. Simulation by Half Vector-based Thin Film In-

terference Model
2.1 Characteristics of thin film interference by anodized oxide

film

The thin film interference caused by the anodized oxide film is
characteristic in that interference colors are observed not only in the
specular reflection direction, but also in the diffuse reflection direc-
tion. Figure 1 shows the appearance of a building decorated with
anodized titanium sheets. Despite the complicated shape, clear inter-
ference colors are observed over wide areas. This means that the in-
terference colors are widely distributed in the diffuse reflection di-
rection as well. Figure 2 shows a principle model conventionally
used to explain the thin film interference. With this model, the inter-
ference color is observed only in the specular reflection direction. In
other words, this model cannot explain the thin film interference
caused by the anodized oxide film.
2.2 Characterization of interference colors and surface rough-

ness using titanium samples

The anodization voltage is changed to change the anodized ox-
ide film thickness and to produce various interference colors as
shown in Fig. 3. We first measured the interference colors by mea-
suring the omnidirectional spectral reflectance of titanium samples,
measured the surface roughness of the titanium samples with a sur-
face roughness measuring instrument, and microscopically observed
the local interference colors assumed from the surface roughness
measurements. The upper left blue sample 2 in Fig. 3 was used as
the sample.
2.2.1 Measurement of interference colors

To check the interference colors on the anodic oxide surfaces in
the diffuse reflection direction, the spectral reflectance was mea-
sured with a Digital Fashion spectral bidirectional reflectance distri-
bution function (sBRDF) measuring device. This measuring device
consists of a spectrometer, a light source, and a sample stand and
can measure the SBRDFs. The optical system of the sSBRDF measur-
ing device is shown in Fig. 4.

Light sorlljroe ':\mllar reflectiol

on

Air
o)

Thin film

l d LETPN)

Titanium
USTON)

Fig. 2 Principle model of thin layer interference

san;iale 4

sample 6 sample 7 sample 8 sample 9 sample 10

Fig. 3 View of various titanium plates with oxide layer (SD)
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The sBRDF measuring device changes the light source direction
(0,, p,) and viewing direction (0 , ¢ ) with respect to the sample and
measures the spectral reflectance. Figure 5 shows the angular distri-
bution of the interference colors obtained by measuring the SBRDFs
of the blue sample and converting it to RGB.

In Fig. 5, a highlight is observed in the specular reflection direc-
tion region where the light quantity is large. As the angle in the dif-
fuse reflection direction increases, a bright blue color similar to that
when the sample is visually perceived is confirmed. When the angle
in the diffuse reflection direction becomes larger, the color changes
from dark blue to navy blue due to the decrease in the light quantity.
When the light quantity from the light source is reduced with a neu-
tral density (ND) filter, a bright blue color is confirmed even in the
specular reflection direction of the highlight region.

These results confirmed that a color similar to the interference
color visually perceived in the specular reflection direction is recog-
nized on the anodized oxide film surface even in the diffuse reflec-
tion direction.

2.2.2 Measurement of surface roughness

Next, the roughness of the titanium surface is evaluated. This is
necessary for modeling the structural color due to thin film interfer-
ence by rough surface scattering. It has been confirmed that the
macro roughness curve of the titanium surface is almost the same as
the roughness curve of the anodized oxide film surface. (This ap-
plies when the anodization voltage is about several tens of volts.
The anodization voltage of the blue sample is 25 V and satisfies this
anodization voltage condition.) That is, it shows that the macroscop-
ic thickness distribution of the anodized oxide film can be assumed
to be almost uniform. Therefore, in this paper, the titanium surface
roughness is evaluated by measuring surface roughness of the anod-
ized oxide film. Figure 6 shows the measurement results of the sur-
face roughness curve of sample 2 measured with a contact type
roughness measuring instrument. The arithmetic average roughness
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Fig. 5 Measured interference color distribution of blue color plate
(sample 2)
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Ra was 268.0 nm, and the maximum height roughness Rmax was
1821.0 nm.

The evaluation of the optical smoothness of the sample surface

is discussed by using the Rayleigh criterion of Equation (1).

h=1/8 cos 0 (1)
where / is the wavelength and 6 is the incident angle. If the surface
roughness is smaller than 4, the surface is optically “smooth”. If it is
greater than /4, the surface is optically classified as “rough”. Using
Equation (1) by assuming that the wavelength range visible to the
human eye is approximately 380 to 780 nm, /4 is 47.5 to 195.0 nm
when the incident angle is changed in the range of 0 to 60°. The Ra
value of the blue sample used in our study was 268.0 nm and much
larger than the / value. That is, the anodized oxide film surface of
the sample is optically rough. The titanium surface whose film
thickness is substantially uniform is also considered to be a rough
surface.
2.2.3 Observation of local interference colors

The interference color on the sample surface was checked from
microscopic images. The results are shown in Fig. 7.

Figure 7 (a) shows a microscope image under the specular reflec-
tion conditions of a light source direction (zenith angle) of 0° and a
viewing direction (zenith angle) of 0°. By reducing the illumination
light quantity, the same blue interference color as in Fig. 3 is ob-
served. Figure 7 (b) shows a microscope image under the diffuse re-
flection conditions of a light source direction of 45° and a viewing
direction of 0°. The color ranges from dark blue to close to black as
a whole. When the illumination light quantity was increased as
shown in Fig. 7(c) under the conditions shown in Fig. 7(b), a blue
interference color of the same hue as shown in Fig. 7(a) increases
locally, so that the same interference as in the specular reflection di-
rection also holds in the diffuse reflection direction. According to
the above study results, we propose a model for showing the inter-
ference color in the diffuse reflection direction on an optically rough
anodized titanium surface.

2.3 Half vector-based thin film interference model

The half vector means a direction between the light source direc-

tion and the viewing direction and is a concept widely used in the
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Fig. 7 Microscopic images of blue color plate

CG field. Generally, it is used to express the intensity distribution of
reflection light in the specular reflection components in a physically
correct way. It can also express the wavelength distribution of re-
flection light if the wavelength of light is taken into consideration.

The half vector-based thin film interference model is schemati-
cally illustrated in Fig. 8. The figure shows the observation from the
viewing direction @ , which is different from the specular reflection
direction, with respect to the light source direction ¢,. On the rough
surface, the existence of microfacets with various directions can be
assumed. Focusing on an aggregation of only those microfacets that
have as normal lines half vectors in the light source direction and
the viewing direction, the specular reflection conditions locally hold
and thin film interference occurs. This model can explain the thin
film interference color in the diffuse reflection direction.

2.4 Simulation method

Based on the proposed thin film interference model, the spectral
reflectance of the reflection light is obtained by simulation.

InFig. 8, 6,and 6, are the angles of the light source direction and
the viewing direction, respectively, d is the thickness of the anod-
ized oxide film, 4 is the wavelength of the incident light, and 7, .
o and n, @ are the complex refractive index at the wavelength 1
of the air layer, the anodized oxide film, and the titanium layer, re-
spectively. Using these parameters, the spectral reflectance of the re-
flection light is calculated from Snell’s law and Fresnel’s equations.

First, the reflectance in the conventional principle model (Fig. 2)
is calculated by Equation (2).

io |2
r12 + r23 ¢
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where 7, and r,, are the Fresnel reflectance coefficients. Also, J is
the phase difference and is given by

o= 47m]md cos @'/ A 3)
where ' is the refraction angle and is calculated by Equation (4) us-
ing the incident angle # according to Snell’s law.
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Fig. 9 Results of simulation (light: 10°, camera: 45°)
Table 1 Estimated thickness of oxide layer of 10 samples
Sample number 1 2 3 4 5 6 7 8 9 10
Estimated thickness (nm) 159 50.8 60.6 87.5 1214 1384 160.6 173.9 226.6 264.4
Table 2 Color difference of 10 samples
Sample number 1 2 3 4 5 6 7 8 9 10
Color difference 29 32 2.5 43 7.3 5.6 4.1 49 9.9 54
Our half vector-based thin film interference model regards the .
. . R .. Light source
interface between the anodized oxide film and the titanium layer as 10° direction  (8;) 60°
a set of microfacets and shows the thin film interference on the mi- >
crofacets where the specular reflection conditions hold in the light
source direction and the viewing direction. So, instead of the light
source direction § in Equation (4) of the principle model of thin film View
interference, ¢, in Equation (5) is substituted as the incident angle. diveetion

6,=(6,+6)/2 )

Thin film interference broadly occurs in the diffuse direction but
it also occurs locally by specular reflection. As a result, the interfer-
ence color can be observed. This phenomenon can be represented
by a model.

Figure 9 shows the results of simulation by the model. The
spectral reflectance was determined for two film thicknesses d of 30
nm and 70 nm as examples. Public information was used for the
values of the real part and the imaginary part of the complex refrac-
tive index n, ,, of the anodized oxide film. To deal with diffuse re-
flection, we also considered multiple reflections of low intensity in
the calculation of spectral reflectance.

The spectral reflectance in the diffuse reflection direction could
be calculated by applying the half vector-based thin film interfer-
ence model. The model showed the wavelength dependence of the
spectral reflectance of titanium from the wavelength dependence of
the complex refractive index of the anodized oxide film and titani-
um. It also showed the change in the spectral reflectance with the
change in the film thickness of the anodized oxide film.

2.5 Simulation results and evaluation

The color difference is obtained from the spectral reflectance
calculated by the simulation and from the measured spectral reflec-
tance. The obtained color difference is then evaluated.

To obtain the spectral reflectance, the thickness of the anodized
oxide film is required as a simulation parameter. The anodization
voltage of the sample is known but its anodized oxide film thickness
is not. Therefore, it is necessary to estimate the film thickness. In
this study, the spectral reflectance is obtained by changing the film
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Fig. 10 Simulated interference color distribution of blue color plate

thickness parameter. The film thickness at which the mean square
error from the measured spectral reflectance is minimal is calculated
and used as the estimated film thickness. The estimated film thick-
ness is shown in Table 1.

Next, simulations of the spectral reflectance were performed
from the estimated film thickness by using Equations (2) to (5) and
by changing the light source direction and the viewing direction.
Figure 10 shows the angular distribution of the interference colors
calculated from the simulated spectral reflectance. The figure con-
firmed that the calculated angular distribution of the interference
colors is close to that measured.

In addition, the color differences from the measured values were
calculated. Since this study targets the interference colors in the dif-
fuse reflection direction, the average color differences of the samples
were calculated by excluding the specular reflection region. The re-
sults are given in Table 2. The average color difference of all ten
samples was 5.0. This is Grade 4 in the color tolerance classification
and is sufficiently accurate for practical use. The error factors may
be the behavior of light not expressed by the thin film interference
model and the errors peculiar to the SBRDF measuring device.
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2.6 CG representation

The samples were represented by CG using the model. The sam-
ples were rendered by setting the type of light source (a D65 light
source), shooting environment (light source position, shooting target
position, camera position, shooting space size), and camera parame-
ters (focal length, sensor size, aperture, shutter speed, etc.) the same
as when shooting actual images. A camera shot image and a CG im-
age are comparatively shown in Fig. 11. The CG image shows a
bluish hue similar to that of the camera shot image in the overall
diffuse reflection direction. It accurately represents the change in the
color hue with the change from the specular reflection direction to
the diffuse reflection direction.

3. Microfacet-based Thin Film Interference Model
3.1 Microfacet theory

The half vector-based thin film interference model described in
the previous section is a macro approximate model that focuses on
the interference colors peculiar to titanium and produced in the dif-
fuse reflection direction. The model is effective when the surface
unevenness is relatively small like in the SD titanium samples and
when the appearance probability of microfacet normal directions
(microfacet normals distribution) can be assumed to be constant. To
represent titanium with more complicated surface unevenness like
the ND samples, a model that appropriately expresses the microfacet
normals distribution is required.

In the CG field, the representation of light reflections from un-
even surfaces has been investigated as microfacet theory or normals
distribution function (NDF) research. The microfacets are a concept
(assuming their set). There were no studies that actually visualized
the microfacets as images.

3.2 Visualization of microfacet structure by optical microscopy

An attempt was made to observe titanium samples with an opti-
cal microscope to obtain a model of the microfacet normal distribu-
tion on the titanium sample surface. As a result, we succeeded in
observing the titanium surface property or optical phenomenon

(b) CG image
Fig. 11 Real image and CG image of titanium

(a) Real image

(hereinafter referred to as microfacet structure) corresponding to the
microfacet theory.

The target sample is shown in Fig. 12. After rolling, large un-
evenness was transferred by roll dull finishing onto the surface of
the titanium sample. Finally, the titanium sample was anodized at
82.5 V (this sample is hereinafter referred to as the ND sample). The
surface of the ND sample has a macro structure produced by roll
dull finishing. It has also been confirmed that a several micron order
microstructure that the titanium surface originally had remains in
the convex portions.® The above results suggest that the surface
shape model addresses a complex rough surface with both a macro-
structure and a microstructure as shown in Fig. 13. ND samples that
have not been anodized (hereinafter referred to as bare samples)
were also observed for comparison.

A KEYENCE VHX-900F digital microscope was used as the
optical microscope. As the observation conditions, standard white
light was used as the incident light, the angle was 0° for both the
light source direction and the viewing direction, the lens was an
apochromat lens, and the magnification was X1000. The size of the
region observed with the optical microscope is 347.8 um % 260.9 um
on the surface of the ND sample.

The obtained images are shown in Fig. 14. From Fig. 14(a), it

Fig. 12 View of titanium plate with oxide layer (ND)

Fine structure
(around 1um in width)

Macro structure (around 50 to several 100 pm in width}

Fig. 13 Surface-shape model of ND sample

(a) ND sample (b) Bare sample

(c) Bare sample with oxide

(d) Locally enlarged image
layer of (a)

Fig. 14 Microscope images
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can be confirmed that various colors are scattered in a grainy pat-
tern. Figure 14(b) shows a bare sample observed under the same
optical conditions. Unlike in the ND sample, no grainy color devel-
opment can be confirmed. The bare sample was anodized and ob-
served as shown in Fig. 14(c). The same grainy color development
as observed again with the ND sample was confirmed with the an-
odized bare sample. From this result, it was confirmed that the
grainy color development originated from the anodized oxide film.
3.3 Microfacet-based thin film interference model
3.3.1 Proposal of model

The phenomenon in which we can observe grainy color develop-
ment simply with anodized oxide film samples is proposed as the
microfacet-based thin film interference model shown in Fig. 15.
Figure 15 (a) shows an ND sample with a thin film formed on the ti-
tanium surface by anodization. The phase difference in thin film in-
terference differs with the difference in the normal direction of the
microfacet and produces different colors on the anodized oxide film
surface. When the titanium surface has no anodized oxide film, on
the other hand, the light incident on the titanium surface reflects in
various directions due to the difference in the microfacet normal di-
rection as shown in Fig. 15(b) and does not produce different colors.
The color grains observed in Fig. 14 are about 1 to 3 xm in diameter.
These were considered to be images in which the microfacet struc-
ture is visualized by the model of Fig. 15. Since it was confirmed

Microfacets Microfacets
(a) ND sample (b) Bare sample

Fig. 15 Model of thin-film interference based on microsurface normal

that innumerable microfacets are scattered over the entire area of the
same sample, it was also confirmed that the microfacet structure be-
came apparent regardless of the region to be observed. There are
studies that have observed the structure of about 10 um crystal
grains in commercially pure titanium with a microscope, but no in-
vestigations have captured microstructures in the order of a few mi-
crometers. From the above results, it was considered that the “mi-
crofacet structure” was visualized for the first time by the optical
microscope observation of anodized titanium.

3.3.2 Verification of microfacet structure by height map

To check whether the grainy color development originates from
the microfacet structure, the surface shape of the grainy color devel-
opment was reconstructed three dimensionally from the height map.

The height map was measured by moving the sample stand of
the optical microscope in the height direction, collecting the move-
ment amounts and image data, and determining the focus position in
pixel units by image processing. Figure 16 shows a microscope im-
age and a height map to which the position information obtained
here is tied. The range of the read height map was 0.000 to 17.600
pm over the entire image.

Next, several points were randomly extracted from Fig. 16(a) as
grainy color development points. Each surface shape was three-di-
mensionally reconstructed from the measured height map. Figure
17 shows the results of the reconstruction (only two points here).

17.6pm

Oum

(b) Height map

Fig. 16 Microscope image and height map with matching location in-
formation

(a) Microscope image

(o0

(a) 1-color example

(b) 2—color example

Fig. 17 Microscope images and surface shapes reproduction results by height map;
Vertical axis is height, and horizontal axis is pixels.
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Fig. 18 Film thickness distribution and microfacet images

From the figure, it can be seen that the convex and concave portions
of the surface are a few nanometers or two orders of magnitude
smaller than the wavelength of light and that the surface shape is
composed of convex and concave portions not large enough to af-
fect the interference phenomenon. That is, the sample in Fig. 17(a)
is almost flat, and the sample in Fig. 17(b) can be regarded as being
composed of two flat surfaces similar to the flat surface in Fig.
17(a). When observing the relationship between the colors of the
grainy development points and the surface shape, it was found that
one color in the microscope image corresponds to one flat surface in
Fig. 17(a) and that the microscope image consists of two colors
with respect to two flat surfaces in Fig. 17 (b).

From this, it was confirmed that the grainy color development
and the flat surfaces correspond to each other and concluded that
these flat surfaces are the microfacets in the microfacet normal-
based thin film interference model. Also, if the film thickness is as-
sumed to be constant within the field of view of the microscope, we
consider that the color development changes under the influence of
the microfacet slope.

From the above, it can be assumed that the localization of the
grainy color development is due to the microfacet structure. It is
suggested that the microfacet-based thin film interference model can
calculate the microfacet normal distribution in a complex surface
structure.

3.3.3 Calculation of microfacet normal distribution using micro-
facet images

From the optical microscope images (hereinafter referred to as
microfacet images), the microfacet normal distribution is obtained
by color image analysis. The microfacet normal distribution is cal-
culated as described below.

(1) Calculation of normal map
The normal directions of the microfacets composed of the
points of the height map (Fig. 16(b)) are calculated. A normal
map in which the position information is tied to the microfacet
image (Fig. 16(a)) is obtained.

(2) Estimation of film thickness
In the microfacet image, a region of interest (ROI) is set in the
region where the film thickness can be assumed to be constant.
(In this case, the region of interest is a square whose sides are
55.1 um (255 pixels) wide.) Next, in the ROI, pixels whose
saturation is smaller than a threshold (set to 15 in this case) are
masked. This is to exclude the specular reflection regions and
the shadow regions. From a simulation using the half vector-
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Fig. 19 Microfacets normal distribution

based thin film interference model, the Lab™ values determined
from the normal directions when the film thickness is assumed
are compared with the Lab values of the microfacet image. The
film thickness at which the average color difference (AE) be-
comes minimum is determined.

(3) Estimation of normal directions
The normal direction and the Lab values are calculated from a
simulation using the film thickness determined in (2). The nor-
mal direction at which the color difference (AE) from the Lab
value of the image becomes minimum is obtained and taken as
the normal direction of the pixel.

Figures 18 and 19 show the estimated film thickness distribu-
tions and the microfacet normal distributions in the entire regions
calculated by the above procedure, respectively. The estimated film
thickness was 100.0 to 160.0 nm. The average color difference of
the pixels calculated was stable at about 5.0. This suggests that good
estimation results were obtained. Both the film thickness distribu-
tion and the normals distribution are considered to be distributions
in which some strain component is added to the typical Gaussian
distribution.

The film thickness distribution (Fig. 18(a)) is interpreted as a
composite of the three Gaussian distributions. Figure 18 (c) shows a
microfacet image visualized in three types of film thickness regions

"' Defined by the Commission Internationale de 1’Eclairage (CIE) and

used as a color representation method throughout the world. L is light-
ness in values of 0 to 100, a is red/green in values of =100 to +100, and
b is blue/yellow in values of —100 to +100. For example, L: 65, a: 57,
and b: 70 indicate an orange color globally.
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Fig. 20 Results of interference color distribution

(film thickness regions of 119 nm and below, 120 to 139, and 140
nm and above are shown as blue, green, and red, respectively). The
regions that are significantly different in color (Fig. 18(b)) corre-
spond to the regions where the film thickness is large (Fig. 18(c)).
Also, the regions around the shadow regions (Fig. 18(b)) corre-
spond to the regions where the film thickness is small (Fig. 18(c)).
It is suggested that local thickness changes appear as a composite of
three Gaussian thickness distributions.

The normals direction distribution of Fig. 19 is interpreted as a
composite of a small-variance Gaussian distribution with a mode of
0° and a large-variance Gaussian direction distribution with a mode
of 0°. When these are applied to the surface shape model shown in
Fig. 13, it is hypothesized that the small-variance Gaussian direction
distribution is due to the structure of the convex portions where the
characteristics of the microstructure of the SD sample remain and
that the large-variance Gaussian direction distribution is due to the
macrostructure of the concave portions characteristic of the ND
sample. Based on these hypotheses, we plan to model the normals
distribution and to verify the factors that cause the film thickness to
change locally.

3.4 Simulation method

The spectral reflectance of the reflection light is obtained by a
simulation, based on the microfacet-based thin film interference
model. In addition to the half vector-based calculation procedure
described in Section 2.4, the microfacet normal distributions and
film thickness distributions obtained in Section 3.3.3 are used as
probability density functions.

Ry=%,%,70,+0,, D@0,
cos(0,,—0 )cos (0, +0 )cos (0, +6 —26)" (6)

where R, is the reflectance in the incoming direction in and in the
outgoing direction out, r(6,d) is the reflectance by the half vector-
based thin film interference model in the normal direction € and at
the film thickness d, 6, , 6 , and 0 are the incoming angle, outgo-
ing angle, and microfacet normal angle, respectively, () is the
probability density function of the normal direction 6, g(d) is the
probability density function of the film thickness d, and » is a pa-
rameter of the cosine lobe model.

The microfacet-based thin film interference model has made it
possible to calculate the reflection intensity and to calculate the
spectral reflectance of interference colors including both specular
reflection light and diffuse reflection light.
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3.5 Simulation results and evaluation

Figures 20 (a) and 20(b) show the angular distribution of spec-
tral reflectance calculated by a simulation and the measured angular
distribution of spectral reflectance, respectively. When the two sets
of results were compared, the average color difference AE was 4.98
as shown in Fig. 20(c). A color difference tolerance of Grade 4 was
achieved as shown in Fig. 20(d). The previous half vector-based in-
terference color model achieved an average color difference of 5.0
as shown in Fig. 20(d) but evaluated only the diffuse reflection
light, excluding the specular reflection light. A significant improve-
ment in accuracy and expressiveness was achieved in this model.

4. Conclusions

The physical modeling and simulation methods of various inter-
ference colors and surface unevenness conditions that support the
designability of anodized titanium were investigated. A half vector-
based thin film interference model for modeling interference colors
and a microfacet-based thin film interference model for modeling
surface unevenness conditions were proposed in this study. In the
study process, we were able to visualize the microfacet structure for
the first time and to estimate the film thickness distribution and the
microfacet normal distribution. We ultimately achieved a highly ac-
curate simulation with an average color difference of about 5.0.

In the future, we will identify the distortion factors included in
the microfacet normal distribution, model the normal distribution
function (NDF), and incorporate the effects of low-saturation re-
gions such as optical highlight regions and shadow regions to estab-
lish a method for comprehensively simulating anodized titanium ox-
ide films with complex surface structures.
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