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I have examined the correlation structure in goniochromism by principal-component analysis. Reflec-
tance spectra were collected in synthetic samples that reproduce metallic, nacreous, and iridescent ef-
fects under different viewing angles. Although three principal components take into account 99% of the
variance, between seven and eight are needed to reach 99.99%. The results were also confirmed by ana-
lyzing each viewing condition separately. It was found that although the viewing angle does not modify
the first three basis functions, it affects the higher-order ones. These angle-dependent effects can be at-
tributed to optical interference flakes. The implications for pigment identification are discussed. © 2008
Optical Society of America

OCIS codes: 330.1730, 310.1620, 310.3915, 310.6188, 260.3160, 120.5700.

1. Introduction

Modern man-made coatings have included special
pigments and dyes for different technological and
commercial issues. Cosmetics, automotive coatings,
and security inks commonly contain goniochromism
effects (also called goniochromatism) [1,2], in the
same way as opals, bird feathers, or butterfly wings
[3–5]. That is, they present remarkable color changes
under different illumination-viewing conditions
[6–13]. The origin of these striking effects comes from
specific photonic structures assembled at the micro-
meter or submicrometer scales [7]. Their optical be-
havior differs from conventional absorbing pigments
in two basic respects. First, they manipulate the flow
of light by thin-film interference, diffraction, or scat-
tering. Second, color is formulated in accordance
with the laws of additive mixing [7,9,12,14]. Both
electron and optical microscopy provide valuable in-
formation about their form, size, or opacity, whereas
their spectra are mainly captured by the bidirec-
tional reflectance distribution function (BRDF).
Regarding the latter, few standards of gonioappear-
ance have been developed. Basically the calculation
of the BRDF is simplified by fixing certain angles of
illumination and detection measurement. Each pair
of illumination-detection angles specifies different

geometries of measurement [6,7,11,15–17]. As a
consequence, spectral reflectance analysis is made
under each geometric condition separately. This pro-
vides a large quantity of data and complicates color
analysis. However, reflectance functions are very
similar in shape and present smooth changes over
a broadband range of measurement geometries
[6,7,9,10,12].

The aim of the present work was to examine the
interrelations between spectra in goniochromism
by spectral data reduction analysis. As a first step,
I sought to examine object reflectance from those ma-
terials that imitate metal-like, nacreous, or pearles-
cent as well as iridescent effects (hue shifts). Their
spectra are representative of goniochromism [7]. In
color science, traditional approaches have decom-
posed illuminants and object reflectance into low-
dimensional vector spaces. That is, they can be ex-
panded in a finite series, usually a linear combina-
tion of a small number of independent basis
functions [10,18–22]. In matte and glossy color
surfaces, five to eight basis functions are needed
for optimal reproduction of artificial and natural
reflectance, a property derived computationally
[10,18,20–22] and by psychophysical experiments
[23]. In this study, the reflectance spectra of a collec-
tion containing synthetic (automotive) goniochro-
matic painted samples were analyzed by principal-
component analysis (PCA). PCA is one common
way to decorrelate reflectance into few independent
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(uncorrelated) components that maximize the var-
iance accounted for. This technique has been widely
used for dimensionality reduction [21,24] and in the
study of color databases [20,22,24–26]. In color
technology, the dimension and the complete set of ba-
sis functions are important to identify and reduce the
number of colorants [24]. Although previous works
on PCA have analyzed the optical behavior and mea-
suring geometries [10,17], they have not examined
the adequacy of linear models using the standards
of gonioappearance. Here I attempt to determine if
a few suitable colorants have the ability to cover
the entire reflectance spectrum derived from gonio-
chromism. If reflection from metallic and iridescent
surfaces is as redundant as from uniform color sur-
faces, linear approaches may produce similar results.
I also discuss PCA for pigment identification. In
colorant estimation, one normally seeks a transfor-
mation derived from an optical model (e.g., in sub-
tractive color mixing, the Kubelka–Munk theory),
where linear algebra and vector analysis recover
the spectral information of the physical colorants
[24,27]. However, in goniochromatic coatings, both
interference and conventional absorbing pigments
are often present [7,9]. PCA provides the spectral
characterization of colorants when they are added to-
gether and offers the possibility of using vector addi-
tion in the reflectance space [24,25]. This simulates
additive color mixing from interference pigments.
Hence I examine the linear reconstruction of the
original spectral reflectance spectra when these in-
terference pigments are present alone or with stan-
dard absorbing colorants. In paint formulation, this
analysis is useful to identify special color mix-
tures [9].

2. Theoretical Background

A. Color from Synthetic Multilayer Reflectors

Current coating technology produces thin films that
contain different types of pigments. One means of
classification deals with their reflective properties.
At least three categories of pigment can be consid-
ered. The first is conventional absorbing pigment,
which provides color and scatters most light diffusely
in all directions. The second is illustrated by metal
flakes, which act like mirrors (e.g., aluminum) and
are mainly responsible for changes in lightness. Fi-
nally, interference pigment, which scatters the flow
of light by interference, produces selective color re-
flection [7]. Regarding the latter, a typical example
is represented in Fig. 1(a). Flakes of mica (refractive
index n2) are coated with metal oxide. Titanium di-
oxide (TiO2) is normally used with thickness d and
refractive index n1. These flakes, or platelets, are im-
mersed in a vehicle or binder with refractive index
n0, producing a three-layer reflector of alternate high
and low refractive indices (i.e., n0 < n2 < n1).
Incident white light of illumination angle ϕ from

the normal is reflected and transmitted across
layers. Constructive and destructive interference

in the reflected light is wavelength specific. Maxima
and minima are produced by evaluating the phase
change due to the optical path length difference of
two consecutive rays. There is also an additional
180° phase shift when reflection occurs from a low-
to-high refractive index media (i.e., in this specific
case, from the binder to the TiO2 layer)
[7,9,12,13,28]:

ðMaximaÞλ ¼ 2d½n2
1 − n2

0sin
2ðϕÞ�1=2�

mþ 1
2

� ;m

¼ 0;�1;�2;…; ð1Þ

ðMinimaÞλ ¼ 2d½n2
1 − n2

0sin
2ðϕÞ�1=2

m
;m ¼ �1;�2;…;

ð2Þ

where λ is the wavelength of the reflected light in the
vacuum, andm is an index that accounts the order of

Fig. 1. (Color online) (a) Schematic of an interference flake (mica
coated by TiO2). Fringes of equal inclination are generated at the
specular reflection by the metal oxide layer. Those rays not re-
flected are transmitted to the next interface. (b) Microscopic image
of a typical metallic-green coating containing lenticular aluminum
and pearl red-green interference pigments (50×, dark-field illumi-
nation).
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interference. The reflected rays are parallel and can
be focused at a specific position by any convergent
optical system such as the human eye. Hence the per-
ceived color often depends on the viewing angle
[7,9,10,12,17]. At the same time, Eq. (1) indicates
that the relative angle between the illumination
source and the surface, together with the optical
thickness of the film (n1d), can also control the spec-
tral properties of the perceived color [7,9,12]. There is
no phase change between two consecutive trans-
mitted rays from a high-to-low refractive index med-
ia (i.e., from TiO2 to the binder). This implies that
transmitted maxima correspond to minima in the re-
flected light and vice versa [7,9,28]. For example, if
the wavelength of reflected light is reddish, the
transmitted light will correspond to the complemen-
tary color within the wavelength range of green.
Transmitted light goes to the next parallel interfer-
ence layer, producing reflected rays of equal inclina-
tion by deeper flakes (multilayer reflectors). These
rays contribute to increased reflection in the specular
direction, producing a pearlescent luster [7,28]. Some
diffuse reflectance is due to edges and surface imper-
fections, but the major contribution comes from back-
ground (white or black) and, if present, classical
absorbing pigments. As in natural coatings, the com-
bination with conventional pigments enhances the
variation in color with the angles of illumination
and observation. If the colorants are similar, the mix-
ture of interference and absorbing pigments with
overlapping spectral bands enhances the reflectance
factor (e.g., pearl-green with green), whereas color-
opponent mixtures (e.g., pearl-red with green) show
the opposite effect [9]. Figure 1(b) presents a micro-
scopic image of a typical metallic-green coating.
Pearl mica and aluminum flakes are, on average, or-
iented parallel to the surface [7,10,29]. In this parti-
cular case, their characteristic lengths are very
similar and range between 11 and 36 μm. Interfer-
ence platelets clearly show a color range from bluish
through greenish to reddish (pearl red-green), but
full spectral information is represented by the
BRDF at different illumination-viewing geometries
[7–9,12].

3. Methods

A. Measurement Geometries of Metallic Coatings

The measurement and analysis of the BRDF in go-
niochromatic surfaces are usually made by multian-
gle spectrophotometers [7,8]. Modern colorimetry
has provided methods to capture goniochromism. As-
suming homogeneous samples, Fig. 2 indicates a
schematic representation of a prototype five-angle
spectrophotometer. In general, at a fixed illumina-
tion angle measured from the normal, a possible
viewing coordinate system is defined from the spec-
ular (glossy) reflection.
Three to five viewing geometries (aspecular

angles, γ) are suitable to describe metallic paints
[15–17,30]. These angles are classified as near-

specular, face, or normal incidence and far from spec-
ular, or “flop,” angles. The Deutsches Institut für Nor-
mung (DIN) recommends the use of three aspecular
angles of 25°, 45°, 75°, and optionally 110°, whereas
the American Society for Testing Materials pre-
scribes three aspecular angles of 15°, 45°, and 110°
[15,16]. In both standards, the illumination angle
is fixed at 45° from the normal (see Fig. 2). In nearly
matte surfaces, the BRDF is simplified to one mea-
suring illumination-viewing geometry (e.g., Commis-
sion Internationale de l’Éclairage, International
Commission on Illumination [CIE] 45°=0°). Note that
this is similar to choosing the viewing aspecular an-
gle of γ ¼ 45° in the original goniochromatic config-
uration [8,14].

B. Samples and Instrumentation

The reflectance database consisted of 108 different
goniochromatic samples provided by C. Vignolo
(BASF). This collection corresponds to different re-
ference panels used in color reproduction from auto-
motive coating suppliers in Europe. Paints were
uniformly spread on panels. They consisted of a base-
coat containing the pigments in a binder and a trans-
parent topcoat lacquer. The topcoat protects and
provides a glossy aspect. For each sample, the rela-
tive pigment concentration was enough to hide the
substrate completely. Panels contained an unknown
pigment gamut that included the combination of me-
tallic, interference, and conventional diffuse pigmen-
tation. The experimental device consisted of an X-
Rite MA68-II portable multiangle spectrophot-
ometer. This device is specialized for measurement
on goniochromatic paints and compatible with the
standards of gonioappearance. That is, the illumina-
tion source was 45° from normal, and aspecular view-
ing angles were at 15°, 25°, 45°, 75°, and 110° (see
Fig. 2). Instrument calibration was done to perform
white and zero reflection measurement using a white
ceramic tile and a black trap, respectively. Both were
provided by the manufacturer, and a calibration pro-
cedure was done periodically in accordance with the
operator’s manual. For each goniochromatic sample,
reflectance at each aspecular angle was averaged
from a minimum of five consecutive readings. The

Fig. 2. Schematic of a five-angle spectrophotometer. Illumination
source is fixed at the standard geometry of 45° from the normal.
Measuring geometries are defined from specular reflection (aspe-
cular viewing angles) at 15°, 25°, 45°, 75°, and 110°.

5646 APPLIED OPTICS / Vol. 47, No. 30 / 20 October 2008



area was rectangular with dimensions 105mm×
150mm. In some samples containing a high concen-
tration of metal flakes, the measured reflectance fac-
tor (defined from the white reflection tile) was far
greater than unity at γ ¼ 15° or in some cases at γ ¼
25° (8.6% of all measurements exceed unity). This is
possible because metal and interference flakes re-
flect most of the light at the specular direction [see
Eqs. (1) and (2) and Fig. 1(a)]. In all the samples, re-
flectance spectra were within the range of 0–400%
(defined from the incident flux beam). This provides
a total of 540 reflectance measures.

C. Principal-Component Analysis and Colorimetric
Evaluation

Each spectral reflectance at each specular angle was
measured within the visible range from 400 to
700nm in 10nm steps. In this case, each spectral
reflectance factor was examined as a 31-dimensional
vector. PCA excludes those dimensions (wave-
lengths) with negligible variance of the data set.
The correlation matrix is calculated in the eigenvec-
tor or basis coordinate system. If the mean reflec-
tance vector, �R, is within the range spanned by the
first few eigenvectors, the linear model generates
each vector reflectance sample Rj from a finite num-
ber of the eigenvectors Si according to the following
matrix expression [24,26]:

Rj ≅
Xm
i¼1

αiSi; j ¼ 1;…; 540;m ≤ 31; ð3Þ

where αj are the coordinates in the eigenvector basis
and denote the principal components. Each principal
component has an associated eigenvalue. Eigenva-
lues provide the variance measured, and they are
usually taken as a criterion to select the correspond-
ing basis element [24]. The reconstruction of the
spectral reflectance database was examined by
Eq. (3). The goodness-of-fit between the original (R)
and the reconstructed reflectance (R0) was evaluated
by the root mean square (RMS) error fP31

i¼1½RðλiÞ −
R0ðλiÞ�2g1=2 [22,24]. Color differences were evaluated
using the CIE 10° standard observer under the illu-
minant D65 [14]. The DIN 6175-2 color difference for-
mula (ΔE DIN) was used [15]. This formula is
specialized for the color evaluation of metallic coat-
ings at different aspecular viewing angles. For chro-
matic coatings, ΔE DIN can be expressed as follows:

ΔEðγÞ ¼
�� ΔL

gLSLðγÞ
�
2
þ
� ΔC
gCSCðγÞ

�
2

þ
� ΔH
gHSHðγÞ

�
2
�

1=2
; ð4Þ

where SL, SC, and SH and gL, gC, and gH indicate dif-
ferent weights associated with lightness ΔL�, chro-
ma ΔC�, and hue differences ΔH�, respectively
[15]. S values depend on the aspecular angle, and
g values are specific for different paint applications.
There is a similar expression for nearly achromatic
coatings using ΔL�, Δa�, and Δb� and their corre-
sponding weights [15]. The transition area between

achromatic and chromatic coatings is evaluated by a
weighted sum of both color differences formulas. In
both chromatic and achromatic zones, ΔE values
higher than unity are considered above one just no-
ticeable difference [15].

4. Results

A. Spectral Reflectance Factor of Goniochromatic
Coatings

Figure 3 (left column) indicates in a semilogarithmic
plot, the spectral reflectance factor of four represen-
tative coatings at different aspecular angles (γ ¼ 15°,
25°, 45°, 75°, and 110°). Samples in Figs. 3(a) and 3(b)
correspond to metallic coatings and contain a high
concentration of aluminum flakes (mirrorlike reflec-
tors). Samples in Figs. 3(c) and 3(d) represent the op-
posite. That is, they contain more interference than
aluminum pigments. Metal flakes produce nearly
flat spectra and mainly scale the reflectance factor
in the vertical axis. It decreases from near-specular
to flop angles. In comparison, the spectral properties
in samples containing a high concentration of inter-
ference platelets were different. The reflectance fac-
tor has different minima in accordance with the
spectral properties of the pigments. It also decreases
but moves horizontally far from specular reflection.
In all examples, the spectral reflectance factors are
very similar at different viewing angles but not iden-
tical. Using a normalization procedure (e.g., the
norm of square-integrable functions) [21], they re-
semble each other, but they do not superpose at dif-
ferent viewing angles. The wavelength at which
reflectance factor are maxima (λMAX) showed poor
or null dependence upon the viewing angle in those
samples with a high concentration of metal flakes
[Figs. 3(a) and 3(b), central column]. On the contrary,
there was a hue modulation in those samples with a
major contribution of mica-TiO2 platelets [Figs. 3(c)
and 3(d), central column]. Color coordinates also il-
lustrate goniochromism (Fig. 3, right column). The
CIE 1976 L � a � b� (CIELAB) color space was used.
CIELAB values were calculated using the CIE 10°
standard observer and taking as reference the illumi-
nant D65 [14]. Metal-based samples produce signifi-
cant lightness (L�) changes at different viewing
angles [Figs. 3(a) and 3(b), left column]. These
changes are less pronounced in interference-based
coatings, where major variations correspond to a �
b� values [Figs. 3(c) and 3(d), left column].

Figure 4 presents the color gamut in the CIELAB
color space embraced by all the goniochromatic
painted panels at all the viewing angles. Color data
comprise a range of 31.5 CIELAB units in lightness,
whereas the range expanded in chromaticity was
17.8, 11.5, 15, and 16.4 CIELAB units for red
(a� > 0), green (a� < 0), yellow (b� > 0), and blue
(b� < 0), respectively.
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B. Global Basis

PCAwas done in goniochromatic materials using the
540 spectral reflectance factors measured under all
the viewing geometries (aspecular angles of
γ ¼ 15°, 25°, 45°, 75°, and 110°). Table 1 provides
the cumulative percentage of variance accounted
with the first eight principal components. Although

three principal components take into account more
than 99% of the total variance, it was necessary to
include four or five components more to reach
99.99%. PCAwas also done on a simulation that imi-
tates color uniform surfaces. To generate these spec-
tra, it was assumed that the perceived color was
nearly independent on the illumination-viewing

Fig. 3. Spectral properties and colorimetric values of four representative goniochromatic samples. (a) and (b) Examples containing high
concentration of metal flakes (metallic coatings). (c) and (d) Examples containing optical interference flakes (pearlescent coatings). Left
column: Semilogarithmic plot of the spectral reflectance curves. Reflectance factors are indicated for each aspecular viewing geometry
separately at 15°, 25°, 45°, 75°, and 110°. Central column: Wavelength at maximum reflectance in relation to the viewing aspecular angle.
Right column: CIELAB values for different aspecular angles. Data were calculated using CIE 10° standard observer and D65 illuminant.
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angles so that the standard CIE 45°=0° measuring
geometry is sufficient to characterize them [8,14].
That is similar to choosing spectral reflectance spec-
tra only at the aspecular angle γ ¼ 45° from the ori-
ginal database.
Although the percent of variance explained by the

first two principal components increases in the simu-
lated color uniform data (goniochromatic, 88.12%,
7.56%; uniform, 88.81%, 8.29%), it decreases in the
third principal component (goniochromatic, 3.99%;
uniform, 2.34%, respectively). It is concluded that
a minimum of seven or eight principal components
are also necessary to explain around 99.99% of total
variance at γ ¼ 45° (see Table 1). Comparing their
associated eigenvectors in both conditions (i.e., go-
niochromatic versus uniform), the first three eigen-
vectors differ slightly from those obtained under
goniochromatism. However, there was a wavelength
shift in the subsequent basis functions for goniochro-
matic materials, suggesting a possible dependency
upon the viewing angle.

C. Effect of the Viewing Angle

PCA on reflectance spectra was also done with the
108 spectral reflectance factors obtained at each as-

pecular angle separately. Figure 5 presents the ei-
genvectors associated with the first eight principal
components (around 99.99% of total variance). Their
spectra are modulated around the mean so that re-
flectance curves represent statistical values or
weights. To simplify the view, eigenvectors were only
represented at near-specular, γ ¼ 15° (solid curves);
face, γ ¼ 45° (dashed curves); and far from specular,
or flop, angles γ ¼ 110° (dash-dotted curves). Table 2
indicates the cumulative percent of variance ex-
plained by the first eight principal components at
γ ¼ 15°, 25°, 45°, 75°, and 110° aspecular angles se-
parately. The first three principal components ac-
counted more than 99% of the total variance. Their
spectra characteristics were only slightly affected
by the viewing geometry. The associated eigenvector
of the first principal component reflects light at all
wavelengths by almost the same amount and can
be associated with metal flakes [see also Figs. 3(a)
and 3(b)] [10]. This implies that around 85–90% of
variance could be attributable to lightness changes
(see Table 2). The two subsequent eigenvectors are
peaked at different wavelengths and represent the
contribution of different conventional pigmentation
within the basecoat.

In the next five basis functions, there was a wave-
length shift of the maxima within 20–80nm between
near-specular (γ ¼ 15°) to face (γ ¼ 45°) or flop angles
(γ ¼ 110°). This hue shift also compresses the eigen-
vectors to narrower bands at different wavelength in-
tervals far from the specular direction (see Fig. 5,
basis functions labeled from 4 to 8). The analysis
of the cross-correlation function helps identify rela-
tions when moving from near to far from the specular
reflection as a function of wavelength intervals (i.e.,
lag Δλnm). Hence, for each basis function, the cross-
correlation function was calculated between γ ¼ 15°
and γ ¼ 110° using the discrete Fourier transform
[31]. Positive and negative lag values indicate that
both functions were compared when the first one
was shifted to the right of the second and vice versa,
respectively [31]. Basis functions 1, 2, and 3 have a
correlation close to unity when they are superposed
(i.e., 0.99, 0.98, and 0.94 at lag Δλ ¼ 0, respectively).
However, basis functions labeled from 4 to 8 lag in
Δλ. Maximum correlation was found at lags Δλ ¼
1ð0:83Þ, −3ð−0:47Þ, 4(0.83), 2ð−0:66Þ, and −2ð−0:67Þ,
respectively. Given that colors from interference are
fully developed close to the specular reflection, these
spectra modifications are mainly expected for optical
interference flakes [see also examples in Figs. 3(c)
and 3(d) and Eqs. (1) and (2)] [7,9,10,12,17,28].

Fig. 4. CIELAB values of the synthetic goniochromatic surfaces
for all the viewing angles measured. Solid black symbols represent
the color coordinates in the three-dimensional color space. Solid
gray symbols represent the projections in the a � b� and L � b�
planes. Data were calculated using CIE 10° standard observer
and D65 illuminant. Lightness values are in logarithmic units.
The inset shows an amplification of the chromaticity coordinates
in the a � b� plane.

Table 1. Cumulative Percentage of Variance Accounted for the First Eight Principal Components (PCs) in Goniochromatic Materials Taking into
Account All the Aspecular Viewing Angles Together: γ ¼ 15°, 25°, 45°, 75°, and 110°a

First PC Second PC Third PC Fourth PC Fifth PC Sixth PC Seventh PC Eighth PC

Goniochromatic 88.12% 95.69% 99.69% 99.88% 99.95% 99.98% 99.99% 99.99%
Uniform 88.81% 97.11% 99.45% 99.84% 99.93% 99.96% 99.98% 99.99%
aPercentages are compared with PCA from a simulated database of uniform color patches (i.e., only γ ¼ 45°).
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D. Reconstruction of the Reflectance Spectra

At each aspecular angle, the mean reflectance factor
was well fitted as a linear combination of the first
eight basis functions. In all angles, the RMS error
was less than 0.0007, and the percentage explained
by the residuals was less than 1.1%. Therefore,
Eq. (3) was used to fit the entire reflectance spectra
[24,26]. Table 3 indicates the mean and maximum of
the RMS error and the ΔE DIN estimated by the lin-
ear combination of the first three and first eight basis
functions, respectively, at γ ¼ 15°, 25°, 45°, 75°, and
110°, separately.
The linear combination of the first three basis

functions is not accurate enough to represent reflec-
tance curves. In some cases (14.25%), negative values
were obtained at some wavelengths, and the recon-
structed reflectance was rounded to zero at these
intervals. The mean and maximum RMS error in-
creased at γ ¼ 15° and 25°. This is also verified by

theΔEDIN color difference formula. Although mean
values are less than unity, there are higher differ-
ences (ΔE > 1), in many cases, at all aspecular
angles. The reconstruction using the first eight ei-
genvectors includes those basis functions associated
with interference platelets and was very good. In all
cases, the RMS error was minimized, and the ΔE
DIN color difference formula was less than 0.5. Ex-
ceptionally, there were five cases where reflectance
had negative values at some wavelengths. This cor-
responds to reflectance curves very close to zero. The
basis function 9 was added, and only one reflectance
curve was composed by the linear combination of the
first 10 basis functions. Figure 6(a) represents the re-
construction of two typical examples at γ ¼ 15° and
γ ¼ 110°. The left panel indicates a metallic-green
sample, whereas the right panel corresponds to a
metallic-red sample. Solid, dashed, and dash-dotted
curves correspond to the original reflectance and the

Fig. 5. PCA of goniochromatic samples at each viewing angle separately. Panels shows the first eight basis functions for near-specular
(15°, solid curves), normal to the sample (45°, dashed curves), and close to the surface or far from specular (110°, dash-dotted curves). Top
left corner: the first three basis functions were represented in the same panel. The first, second, and third bases are indicated by black,
gray, and light gray, respectively.

Table 2. Cumulative Percentage of Variance Accounted for the First Eight Principal Components (PCs) in Goniochromatic Materials Taking into
Account Each Viewing Angle Separately

First PC Second PC Third PC Fourth PC Fifth PC Sixth PC Seventh PC Eighth PC

γ ¼ 15° 85.71% 94.61% 99.68% 99.88% 99.96% 99.98% 99.99% 99.99%
γ ¼ 25° 87.49% 95.95% 99.64% 99.87% 99.95% 99.97% 99.98% 99.99%
γ ¼ 45° 88.81% 97.11% 99.45% 99.84% 99.93% 99.96% 99.98% 99.99%
γ ¼ 75° 90.50% 97.64% 99.06% 99.81% 99.90% 99.96% 99.98% 99.99%
γ ¼ 110° 90.83% 97.41% 98.77% 99.74% 99.86% 99.94% 99.97% 99.99%
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linear combination of the first three and first eight
basis functions, respectively.
For the same examples, Fig. 6(b) represents the re-

covered reflectance curves by the linear combination
of the eigenvectors 1, 4, 5, 6, 7, and 8 (dashed curves).
This represents hypothetical panels containing only
those metal and interference pigments from the ori-

ginal goniochromatic samples without contribution
of any conventional absorbing pigment. As expected,
the simulated reflectance from interference multi-
layers is more pronounced close to the specular re-
flection (γ ¼ 15°). The reconstructed reflectance
suggests the existence of reddish-greenish and
yellowish-purplish mica in the metallic-green and

Table 3. Mean, Standard Error of the Mean (�1 SEM), andMaximumRoot Mean Square Error andΔE DIN of the Reconstructed Reflectance Spectraa

Basis γ ¼ 15° γ ¼ 25° γ ¼ 45° γ ¼ 75° γ ¼ 110°

Mean RMS Error (�1 SEM) 3 0.36 (0.05) 0.18 (0.02) 0.062 (0.008) 0.037 (0.006) 0.033 (0.006)
8 0.042 (0.004) 0.018 (0.002) 0.0071 (0.0007) 0.006 (0.001) 0.0050 (0.0007)

Maximum RMS Error 3 4.52 2.0 0.52 0.36 0.39
8 0.26 0.14 0.04 0.06 0.04

Mean ΔE DIN (�1 SEM) 3 0.78 (0.06) 0.47 (0.03) 0.20 (0.02) 0.12 (0.02) 0.11 (0.02)
8 0.034 (0.003) 0.015 (0.001) 0.0039 (0.0004) 0.0028 (0.0005) 0.0023 (0.0004)

Maximum ΔE DIN 3 3.91 1.97 1.91 1.22 1.20
8 0.34 0.13 0.02 0.04 0.03

aValues are estimated by the linear combination of the first three and the first eight basis functions at each viewing angle separately.

Fig. 6. Examples of a reconstruction of a metallic-green (left column) and ametallic-red (right column) goniochromatic samples at 15° and
110°, separately. Solid curves represent the original reflectance functions. Dashed and dash-dotted curves represent the reconstruction
using the linear combination of the first three and first eight basis functions, respectively. (b) Examples of reconstruction (dashed curves) of
the same examples using only those basis functions associated with aluminum (Al) and pearl-mica pigments. Solid curves represent the
original reflectance functions.
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metallic-red samples, respectively. The spectral in-
formation obtained from PCA reinforces the analysis
by optical microscopy. In the metallic-green example,
a microscopic image of the original painted panel is
represented in Fig. 1(b). Figure 6(b) (left panel) sug-
gests the existence of one type of pearl red-green pig-
ment. The color mixing effects with conventional
absorbing colorants are examined together with the
original reflectance function (solid curves). In theme-
tallic-green sample, the original spectral reflectance
factor mainly enhances the perceived color in the
greenish area and shows a displacement of the max-
imum to the yellowish part of the visible spectrum.
This suggests the addition of green or yellow color
pigments with overlapping spectral bands. In the
metallic-red sample, there is a reduction in the ori-
ginal reflectance factor in the bluish-greenish area.
The maximum also enhances, showing a displace-
ment to the reddish part of the spectrum. This sug-
gests a color mixture that contains red color
pigments with remote spectral bands in relation to
the pearl-mica pigments [9].

5. Discussion

Based on PCA, the results show that linear models of
surface color perception are good approaches in mod-
eling reflectance and goniochromism. The analysis
on synthetic materials supports the conclusion that
most of redundancies in goniochromism can be ex-
plained by a finite set of basis functions. Fixing
the angle of illumination, the first three principal
components account for more than 99% of total var-
iance (see Tables 1 and 2). In accordance with the go-
niochromatic samples analyzed, the origin of their
corresponding basis 1, 2, and 3 can be associated with
lightness changes (i.e., metal flakes) [10] and the
spectral characteristics of a few conventional absorb-
ing pigments.
However, three principal components do not cover

all the spectra analyzed. It was necessary to add four
or five more, giving a minimum of seven or eight
principal components to account for 99.99% of total
variance. This result was also confirmed for each
viewing angle separately (see Table 2). The five
added basis functions are narrower and contain more
peaks as compared with the first three. PCA at each
aspecular angle reveals that they were fully devel-
oped close to the specular reflection. That is, they ex-
perienced narrower bandwidths and displaced
maxima as the viewing angle moved close to the sur-
face (see Fig. 5, basis functions labeled from 4 to 8).
The wavelength shifts observed (between 20 and
80nm) cause detectable changes above the wave-
length discrimination threshold [14] and are related
to iridescence from multilayer reflectors [see Eqs. (1)
and (2)]. The number of basis functions needed for
spectra reproduction depends on the accuracy of
the specific application [24]. Based on the RMS error
and the DIN 6175-2 color difference formula, the first
eight and exceptionally the first nine or ten eigenvec-
tors are adequate for the spectral reconstruction of

the original goniochromatic database (see Table 3).
Previous works have concluded that a similar num-
ber of dimensions are required in the analysis of uni-
form color samples [18,20–22] as well as in
perceptual tasks [23].

Therefore a colorant database with a finite number
of interference pigments (in this case, a minimum of
seven) could recover any reflectance dataset derived
from goniochromatism. This analysis excludes the
consecution of special texture effects from metallic
and pearl-mica pigments [1,32]. The spectral proper-
ties of these hypothetical pigments could be uncov-
ered using a matrix transform of the estimated
eigenvectors. However, in the current spectra space,
the reflectance factor does not scale linearly (see
Fig. 3), and a transformation is commonly desirable
[24,27]. Although certain modeling approaches have
examined the goniochromatic properties of some mi-
crostructures in biology [33,34], current reflection
models are not accurate enough to describe color gen-
erated by metal flakes, photonic structures, and con-
ventional absorbing pigments simultaneously
[8,29,35]. PCA in goniochromism offers the possibi-
lity of testing whether our current colorant database
can identify the spectral properties of pigments from
their mixtures in any color sample. This is important
in industrial color reproduction [7,8]. Close to the
specular reflection (e.g., γ ¼ 15°), the reconstruction
of the spectral reflectance factor using only those ba-
sis functions associated with metal and interference
flakes complements the evaluation with optical
microscopy [see Figs. 1(b) and 6(b)]. Comparison be-
tween the simulated and original reflectance func-
tions permits examination of color mixing effects
with standard colorants [see Fig. 6(b)] [9]. In accor-
dance with Eqs. (1) and (2), the illumination angle
can also control the spectral characteristics of re-
flected light by interference [28]. Previous works
have reported similar dependent wavelength effects
in both reflectance spectra and colorimetric values
[9,12]. Therefore the potential influence of the
illuminant position on the vector bases inferred from
interference merits further investigation. New go-
nioappearance standards are also required [9,12].
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