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Abstract. A multispectral acquisition system to examine the bidirectional reflectance distribution function of
structurally colored biological materials in the visible range is presented. We focus on the purple-blue and
white-pearl wing scales of the male butterfly Sasakia charonda. Multispectral imaging was done by changing
the illumination angular position around the sample as well as that of the specimen around the multispectral
sensor axis. Reflectance spectra were transformed to color coordinates and visualized in different color spaces.
Spectral analysis shows distinct iridescent patterns in purple-blue and white-pearl scales. Colorimetric analysis
indicates that purple-blue scales enhance blue coloring and exhibit higher color saturation. Principal component
analysis reveals that the number of principal components that account for more than 99% of reflectance vari-
ability was higher in white-pearl scales. This suggests a higher spectral complexity in their spatial color pattern
formation. Reconstruction of reflectance spectra from the principal components is discussed. We conclude that
multispectral imaging provides new insights into spatial reflectance mapping that result from the combination of

structural colorations and variable amounts of absorption pigments. © 2014 Society of Photo-Optical Instrumentation Engineers
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1 Introduction

Iridescent colors are ubiquitous in biological systems. They
are associated with many animal appearances, such as those
arising from peacock feathers, beetle elytra, and moth and
butterfly scales. The iridescent reflectances of many species
of lepidopteran wings are created by the combination of
selective light absorption by pigments and the coherent scat-
tering from periodic micron and submicron components of
the scales.'™ Morphologically, some examples of iridescent
scales have a characteristic structure, sometimes referred to
as the Morpho-type structure.* This features a lower single
membrane on which discrete ridges sit, running in parallel to
the long axis of the scale. The ridges themselves comprise
lamellae of cuticle interspaced with air that, together,
form discrete packets of stacked multilayers across the entire
area of the scale.'>® The upper membrane can also exhibit
microribs, or parallel columns oriented nearly perpendicular
to the lamellae and transversal crossribs that connect the
ridges between them.>*>’ In some species, the multilayer
stacks can be slanted from the base plane to produce irides-
cence over a limited angular view.*®~'* Distinct ultraviolet
UV-blue iridescent patterns in Apaturinae butterflies, a sub-
family of the family Nymphalidae, originate from the tilted
multilayer stacks on the ridges.'*"

The Sasakia charonda butterfly (S. charonda) is a
species of Apaturinae (usually called “the great purple
emperor”).'>"'*!%!" The bright purple-blue and white-pearl
iridescence in the male S. charonda are similar to the purple
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emperor butterflies Apatura iris (A. iris) and Apatura ilia
(A. ilia).">'® Structural characterization using optical and
high-resolution electron microscopy, described elsewhere,
has concluded that ridges of the purple-blue and white-
pearl scales are composed of seven cuticle-air lamella
titled approximately 8 deg relative to the base of the wing
scale.'”””"® The cross section of the central pillar of ridges
exhibits a Christmas tree shape.'>”'>'? Such ridge-lamella
structures have been analyzed in detail and reported in many
lepidopteran wings such as in the Ancyluris meliboeus,’
Euploea mulciber,'"'? and in various Morpho,**'®% and
pierid butterfly species.®'!

Iridescent reflection in the S. charonda wing scales is pro-
duced by coherent scattering of light at short wavelengths
between 200 and 450 nm.'*"* In comparison to A. meli-
boeus’ and E. mulciber,'®"? iridescent reflection in S, char-
onda occurs over a wider angular range in the observation
hemisphere of wing scales, with an angular portion that
does not exhibit iridescence (i.e., a “dark zone”)’ of
16 deg.'*'* Purple-blue and white-pearl scales have the
same structure and the differences are ascribed to differences
in their content of melanin.'*'* Melanin is a common absorp-
tion pigment found in nature (e.g., human hair, skin, etc.).?!
Purple-blue scales have been shown to have higher melanin
content; they produce vivid iridescence under light reflec-
tion, and they appear dark brown under light transmission.
In contrast, the white-pear]l scales contain less melanin:
hence the reflected light appears whitish and they are nearly
transparent under light transmission.'>”'* The effect of
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melanin in the wing scales is important because it may
enhance the directional UV-blue iridescence from cuticle-
air stacks on the ridges by absorbing undesirable background
scattering in the green and yellow regions, in a similar way as
in various Morpho species.>®* Figure 1 summarizes the
different structures of the S. charonda.

Although detailed structural characterization of the S.
charonda has been investigated before,'>'*! a lack of infor-
mation persists concerning its optical properties. Particularly,
the quantification of the reflectance spectra and its possible
dependency with the illumination geometry deserves study.
The complete characterization of the reflectance spectra in
structurally colored biological materials requires the determi-
nation of the bidirectional reflectance distribution function
(BRDF).2*?* The BRDF is defined as the ratio of the
reflected spectral radiance to the incident spectral irradiance
as a function of the illumination and detector angular posi-
tions.>*** Determination of the BRDF is often slow and
cumbersome to obtain, and it generates a large quantity of
spectral data. Therefore, the BRDF is usually simplified
by measuring the reflectance spectrum at few angles of illu-
mination and detection positions.>*** BRDF data have been
extensively discussed in single wing scales®**~?7 and in spa-
tially extended wing areas.?*'%!11524 However, this is done
usually without consideration of the spatial arrangement of
wing scales. Measurement of the BRDF at different locations
is important to understand how spatial periodicity, defects,
and disorder of wing scales affect the color mixing effects
and may help in the artificial replication of bioinspired struc-
tures.'™ In a different type of application, the measurement
of the BRDF in structurally colored butterflies is important in
computer graphics rendering.?>?82°

Multispectral imaging offers a plausible nondestructive
solution to spatial reflectance mapping by the combination
of spectroscopic and digital image analysis of distant surfa-
ces with high spatial resolution. Multispectral imaging pro-
vides thousands of reflectances, i.e., one per pixel at every
location of the captured scene, and it involves the generation
of a three-dimensional (3-D) data cube or “image cube,”*
with two spatial dimensions, or the x, y plane, the size of
the digital image, and the third, the spectral axis, sampled
over a discrete number of wavelength intervals.**
Multispectral imaging can complement other spectrophoto-
metric methods,>**??7 providing valuable information of
the spatial distribution of iridescence at the distance of
a few microns.* The micro-appearance of butterfly wings
changes from place to place’ and varies markedly with the
illumination and viewing angles. This arises due to sample
imperfections and the manner in which wing veins and scales
are spatially distributed, their relative orientations and sur-
face roughness. Given these complicating factors, it would
be useful to measure the multispectral BRDF of distinct
wing areas at the micron scale.

The aim of the present study is to investigate the reflec-
tance of the purple-blue and white-pearl wing scales of the
S. charonda butterfly by measuring their multispectral
BRDFs. Although various multispectral systems have
reported capabilities of acquiring BRDFs of isotropic
reflective materials,”"’ they have not focused on the prop-
erties of iridescent biological systems. Structurally colored
butterflies are usually anisotropically reflecting systems.>%°
‘We have examined reflectance spectra in the visible range as
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a function of the illumination angle from near to far from
surface normal. The BRDF can also be measured over a
wide range of spatial positions by rotating the butterfly
wing around the multispectral sensor axis. We have com-
pared the iridescent purple-blue and white-pearl effects at
different orientations of the wing scales. Spectral correlation
analysis of the multispectral BRDF data was done by apply-
ing principal component analysis (PCA).*>* PCA is a
standard statistical method in remote sensing and multispec-
tral analysis*>“? and in color technology**' that reduces a
high-dimensional set of variables into a low-dimensional
one.*?* Variation in high-dimensional data sets can be
assessed by the covariance matrix. PCA is usually performed
on the covariance matrix and decomposes reflectance spectra
into a linear combination of few orthogonal vectors (usually
called eigenvectors). The goal of PCA is to preserve as
much variation as possible of the original data set. Variance
correlates with the eigenvalues of the covariance matrix.
Eigenvectors and eigenvalues of the covariance matrix are
always in pairs so that eigenvectors are often sorted accord-
ing to the decreasing eigenvalues. Therefore, the largest vari-
ance is associated with the first eigenvector. The second
largest variance is associated with the second eigenvector
and so on.*>*4% In previous works, PCA has been used to
examine the reflectance spectra of Morpho butterflies in a
low-dimensional space when exposed to different liquids*?
and vapors,**** and in models of the distribution of eigen-
values.*® In the present study, we have applied the PCA
to multispectral BRDF data in a different way, i.e., to exam-
ine the spectral pattern formation by the wing scales at differ-
ent spatial locations in the wing. First, we have compared
the spectral bands of the purple-blue and white-pearl eigen-
vectors. We also have examined the possible influence of
the illumination angle by comparing the extracted eigen-
vectors from near to far from surface normal. Finally, we
have examined the reconstruction of the reflectance spectra
from PCA using a varying number of eigenvectors for
interpretation of the data.****~** This also allows us to char-
acterize the extent of reflectance variability in the spatial
color mosaic produced by the purple-blue and white-pearl
wing scales.

2 Methods

2.1 Structural Characterization

Structural analysis (Fig. 1) was undertaken by means of opti-
cal and scanning electron microscopy (SEM). Optical
images of the entire butterfly wing [Fig. 1(a)] were captured
with a conventional digital color camera Canon PowerShot
SD1000. Reflection color photomicrographs were obtained
by using an optical microscope Nikon Optiphot-100 con-
nected to a charge coupled device (CCD) color video camera
Sony DXC-107AP [Fig. 1(b)], and transmission ones by
using an optical microscope Olympus BX51 with a DP50
digital camera [Fig. 1(c)]. A SEM micrograph of a small blu-
ish region of the specimen forewing was obtained [Fig. 1(d)].
For this, it was coated with a thin film of gold palladium
alloy (80 to 20 wt. %) by using a sputter coater 208HR
Cressington coupled to a thickness controller MTM-20
Cressington and examined by using a NOVA 200 Nano
SEM FEI instrument.
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Fig. 1 (a) Optical image of fore and hind wings from a male S. char-
onda butterfly at different viewing angles. (b and ¢) Reflection optical
micrograph (20x) and transmission optical micrograph (60x) of the
purple-blue and white-pearl iridescent wing scales, respectively.
(d) Scanning electron microscope micrograph (10,000x) of a pur-
ple-blue iridescent wing scale. The top view of the wing scale affords
us to observe the cuticles piled over the ridges.

2.2 Multispectral Imaging Setup

The experimental setup is represented in Fig. 2. The multi-
spectral sensor comprised a liquid crystal tunable filter
(LCTF) (Varispec VS-VIS2-10HC-35-SQ) placed in front
of a conventional objective zoom lens (Navitar Zoom
7000 18: 108 mm) attached to a 12-bit monochrome CCD
(Retiga QImaging SVR1394).*® The LCTF, zoom lens,
and CCD sensor array were in a fixed position and they
were exactly aligned perpendicular to a male S. charonda
forewing (Fig. 2).

The LCTF is based on a Lyot-Ohman filter configuration
that provides spectral tuning and modulates spectral trans-
mittance electronically.’*>"*” The LCTF has a 35-mm aper-
ture, a field of view of 7.5 deg, and a full bandwidth at half
maximum that is not constant, but varies from 7 to 15 nm
depending on the working wavelength. The CCD camera
captures digital images havin% 1392 x 1040 pixels each
with a size of 6.45 x 6.45 ym.*® The CCD camera and the
LCTF have been fully tested in multispectral data collection
from skylight imaging in our laboratory.*® The illumination
system uses a 150 W highly stable mercury xenon (Hg-Xe)
lamp (Hamamatsu 1.9588-04) coupled to a 1.5 m flexible
fiber light guide mounted in a goniometric setup. This
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Fig. 2 Schematic representation of the multispectral imaging setup.
The CCD camera, zoom lens, and the LCTF are in a fixed position
perpendicular to S. charonda forewing. The light guide was rotated
from near to far from surface normal at the illumination angles & of
15, 45, and 75 deg. The specimen was rotated around the multispec-
tral sensor axis (z-axis) at the azimuthal angles ¢ of 0, 45, and 90 deg.
See text for details.

light guide has a condenser lens with a focal length of
50 mm. At the distance of 20 cm perpendicular to the imaged
scene, the light guide provides a squared area of 40 mm high
by 40 mm wide of uniform light. The light guide and the
condenser lens were placed in a 360-deg continuous rotation
stage having a positional resolution of 1 deg. The illumina-
tion angular position is measured from the surface normal
and it is denoted by the angle 6.

We measure reflectance from the S. charonda butterfly
at the @ values: 15, 45, and 75 deg (Fig. 2). Note that
when 6 is 45 deg, the experimental setup reproduces the
standard measurement geometry for diffuse reflectance CIE
45 :0 (Commission Internationale de I’Eclairage)3*484°
The S. charonda forewing was mounted in a 25.4-mm-diam-
eter hole of a continuous rotation stage. The sample was fixed
on the rotation stage using tiny strips of Parafilm at the bor-
ders. Flatness was achieved by adjusting the strips. The hole
guarantees an effective nonscattering background in the field
of view of the multispectral system.** The rotation stage ena-
bles a rotation of the butterfly wing manually around the
observation axis. The azimuth angular position is defined
in the x, y-plane with respect to x-axis, and it is denoted
by the angle ¢ (Fig. 2). We rotate the butterfly sample at
the ¢ angles: 0, 45, and 90 deg. Therefore, multispectral
BRDF data were sampled at three values of 8 and ¢
providing nine different angular configurations (Fig. 2):
(6,9) = (15 deg,0 deg); (15 deg, 45 deg); (15 deg,
90 deg); (45 deg, 0 deg); (45 deg, 45 deg); (45 deg,
90 deg);(75 deg, 0 deg); (75 deg, 45 deg); (75 deg, 90 deg).
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2.3 Experimental Procedure

To guarantee stability in the illumination source, multispec-
tral measurements were started after it was turned on for a
minimum of 5 min. Multispectral data collection was con-
trolled by using custom software in a dark room. The soft-
ware allows the LCTF to be tuned from 400 to 700 nm in
steps of 10 nm giving a total of 31 different spectral
bands in each image cube. The software also calculated
the exposure time at each wavelength automatically by tak-
ing into account that the number of digital counts was within
85% of the CCD saturation level at any pixel in the image
cube. The chromatic aberration was compensated for by
manually focusing the zoom lens.*® The spectral reflectance
factor is often defined as the ratio of the spectral flux
reflected by a test sample to the spectral flux reflected by
a white diffuse reflectance standard (Lambertian) at a spe-
cific wavelength.*® The spectral reflectance factor of the
S. charonda in the visible spectrum was reconstructed by
using a linear response model of monochrome CCD sen-
sors.*0323450 White and zero reflectance calibration were
performed by using the two-point correction method:**

[a;("{) - Oi',_f ()‘)

Ris ) =Py =0,

D

where R; ;(4) and /; ;(A) denote the spectral reflectance factor
and the collected multispectral sensor response of the S. char-
onda at the pixel positions i, j, respectively. The white flat
field W; ;(4) gives a measure of the white reference.’®>%
This was obtained at each illumination angle from a 99%
white diffuse reflectance Spectralon standard.’! In all
cases, the Spectralon sample was defocused with the zoom
lens to avoid spatial noise from the nonhomogeneous struc-
ture under high magnification.’® The dark field O; ;(1) gives a
measure of the CCD dark current response.’*32-02 Tt was
obtained in the same conditions as in the white flat field
but without the sample holder, with the light source off
and in a dark room, thus preventing any residual light from
reaching the CCD camera. The normalization factor p
gives the Spectralon correction for nearly Lambertian
surfaces,’** and it was obtained from the manufacturer tabu-
lated data.’' The multispectral optical imaging arrangement
had a spatial resolution of 14.4 um/pixels at the sample dis-
tance. To minimize spatial nonuniform effects from the CCD
sensor® and LCTF, an image square of 400 x 400 ?ixels was
selected at the center of the captured image cube.**

2.4 Colorimetric Performance

The colorimetric analysis and methods employed here are
standard and they are described in detail elsewhere.?3*%
The CIE XYZ tristimulus values were calculated from the
reflectance data by using the CIE 1931 2-deg color matching
functions, x(4), y(4), Z(4) and the CIE standard illuminant
D65 to simulate daylight conditions.*®*° This illuminant was
used hereafter in all colorimetric calculations. First, the XYZ
tristimulus values were converted to the standard red, green,
and blue color spaces (SRGB).> This color space is intended
for color visualization in conventional displays.>® XYZ
tristimulus values were also converted into the CIE 1976
L x a * bx color space (CIELAB) for further colorimetric
analysis. The CIELAB color space is recommended for
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color representation of pigmented thin films.*¥4° Lx, ax,
and b= are the lightness, red-green, and blue-yellow orthogo-
nal axes, respectively. The a*, b* color plane indicates the
red (a*x > 0), green (ax <0), blue (b* <0), and yellow
(bx > 0) coordinates whereas is the perpendicular achro-
matic axis (L > 0).*% The chroma value C;, =
(a ¥* +b%?)'/2 is often used in the industrial color evaluation
for both light absorption and special effect pigments, and it is
related to saturation value.*®#° Saturation is an attribute that
expresses the colorfulness of colorants and it does not nec-
essary imply an increase of colorant concentration. High
chroma values indicate high saturation and gain of colorful-
ness and vice versa.*®4° The projection of color effects in the
ax, bx plane at specific illumination and viewing angles is a
useful method for characterizing special effect pigments.*
Thus, the change of lightness is not considered and the pro-
jection in the ax, b« plane provides an overall fingerprint of
the anisotropic color development of special effect pig-
ments.*” We have used a similar method in the colorimetric
evaluation of several butterfly species’ wing scales® by pro-
jecting in the ax, b* plane the color coordinates that result
from purple-blue and white-pearl wing scales'>"'* at different
values of 8 and ¢.

2.5 Spectral Calibration

Calibration of the spectral transmittance of the LCTF has
previously been performed in our laboratory.*é Spectral cal-
ibration of the multispectral setup was done by retrieving the
reflectance of several color patches of the Macbeth Color
Checker chart.?!32%+55 The Macbeth chart is a popular train-
ing color dataset used in multispectral and color imaging
formed by different color patches of known color pigments.>*
Their spectral properties, particularly their reflectance
curves, are available elsewhere.**® The Macbeth chart
was illuminated at 45 deg which is equivalent to the CIE
45:0 measuring geometry in spectrophotometry?®4
(Fig. 2). Figure 3 shows the mean spectral reflectance factor
of four representative Macbeth color patches obtained by the
multispectral setup and that obtained by standard spectro-
photometry.>> Each mean spectral reflectance factor was
averaged over the 1.6 X 10° sample area reflectance data.
Note that the reflectances were normalized to the maximum
value for comparison.

The multispectral imaging setup retrieves the shape of the
reflectance curves of all Macbeth color patches but it was
unexpectedly higher at low reflectance values around
400 nm. This is due to the low transmission efficiency of
the LCTF**31 a5 well as the low response efficiency of
the CCD sensor’®>? at this working wavelength.

2.6 Principal Component Analysis

Reflectances at each pixel position were taken from 410 to
700 nm in 10-nm steps. Reflectance data at 400 nm were
excluded in accordance with the previous spectral calibration
analysis (Fig. 3). Therefore, reflectances were treated as
30-dimensional (30-D) vectors (i.e., as many dimensions
as wavelength intervals) and they were arranged in a
2601 x 30 matrix with the reflectance vectors R;; in
rows. PCA of reflectances was done by referring the reflec-
tance spectra around the mean reflectance vector R. Each
reflectance sample vector R;; in Eq. (1) was subtracted
from R, R; ; — R. Then, the covariance matrix is computed
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Fig. 3 Linear plot of the mean spectral reflectance factor averaged
over 1.6 x 10° reflectances of four different blue, cyan, green, and
red patches from the Macbeth Color Checker. Colored lines with sym-
bols indicate the reflectance spectra recovered by the multispectral
imaging setup at the angle ¢ = 45 deg. Solid lines are the reflectance
spectra provided by standard spectrophotometry. Reflectance data
were normalized to their maximum values for comparisons. In each
panel, the inset shows the corresponding color patch in the sRGB
color space.

and the eigenvectors are extracted by diagonalization of the
covariance matrix. Each reflectance sample R; ; can be writ-

ten as follows: 284!

30
R, =R+ a8 )
k=1

The coefficients «; ;, are the coordinates or principal
components*>**#' in the new reference system. S, is the
extracted eigenvectors or the new basis functions. In our
case, the eigenvectors span a 30-D vector space, k =
1,2,...,30 and they are orthogonal (perpendicular) to
one another. The eigenvalues are the diagonal elements of
the diagonalized covariance matrix in decreasing order
and define the variances corresponding to the eigenvectors.
The largest variance corresponds to the first eigenvalue and
S, is the associated eigenvector. The second largest variance
corresponds to the second eigenvalue and its associated
eigenvector S, is perpendicular to S; and so on. Therefore,
those eigenvectors with associated low eigenvalues may be
ignored in subsequent analyses. The normalized sum of
eigenvalues up to a certain value of k is the cumulative vari-
ance accounting for the first k eigenvectors.*2*

Reconstruction of reflectance spectra was examined by
taking Eq. (2). The goodness of fit between the original
R;; and reconstructed reflectance sample vector R;; at
each pixel position was evaluated by using the root-mean-
square (RMS) error:¥ Z(R;; - R/ j)z]. Color differences
between the original and reconstructed purple-blue and
white-pear]l wing areas were done by mapping reflectance
spectra at each pixel position to RGB color coordinates.
Then, the color coordinates were transformed to a physio-
logical color space of human cone photoreceptors, and the
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Spatial CIELAB (S-CIELAB) color difference formula
was implemented.’®>” The S-CIELAB color metric is an
extension of the conventional CIELAB color difference for-
mula AE*®% that includes an initial prefiltering stage to
incorporate the spatial-color sensitivity of the human visual
system.>® Those S-CIELAB AE values less than the unity are
often below the threshold and the color differences are not
visually discernable.*®

3 Results

3.1 Spectral and Colorimetric Analysis

Figure 4 shows in the SRGB color space the entire selected
area of the S. charonda wing as a function of the illumination
angle @ of 15, 45, and 75 deg and as a function of the azi-
muthal angle ¢ of 0, 45, and 90 deg. This gives a total of nine
spatial color maps, i.e., color images, placed in a matrix
arrangement of three rows by three columns. Each spatial
color map consists of 400 X 400 pixels and covers an imaged
area of 33.1 mm?. Columns indicate a fixed value of @, i.e.,
only the illumination angle € is changed showing iridescence
effects at a given orientation of wing scales. Rows indicate
wing scales at different spatial orientations for a constant
illumination angle 4. In all panels, black- and brown-lined
features correspond to wing veins. Purple-blue color effects
can be clearly observed across all panels except at the angles,
@ =0 deg and ¢ = 45 deg, both at the illumination angle,
6 =75 deg. Color effects in these extended areas fade to
dark brown because of the relative orientation distribution
of wing scales that precludes iridescence. Then, only light
diffused from melanin pigment is captured within the
numerical aperture of the multispectral imaging system.
At the angle ¢ of 0 and 45 deg, it is also possible to distin-
guish a white-pearl iridescent region. Note that both white-
pear] areas at ¢ = 0 deg and ¢ = 45 deg correspond to the
same region at different spatial positions and orientations. In
each spatial color map, the squares mark different selected
imaged areas of size 51 X 51 pixels (0.53 mm?) at different
spatial locations.

Figure 5 shows a semilogarithmic plot of the mean spec-
tral reflectance factor of each selected area as a function of ¢
and 6. Each of the corresponding 18 mean reflectance values
was obtained over 2601 reflectances in each selected square.
In Fig. 5, mean reflectance values are grouped in six panels
placed in a matrix arrangement of three rows by two col-
umns. In each row, the azimuthal angle ¢ is fixed and
each panel represents purple-blue or white-pearl iridescent
effects of different imaged areas as a function of the illumi-
nation angle 6.

In purple-blue areas, the shape of the mean reflectance
factor is similar to the reflectance spectra of the A. iris
and A. ilia in the visible range as measured with conventional
spectrometers.'>!® The multispectral BRDF in Fig. 5 is sen-
sitive to the surface roughness and the relative orientation of
wing scales. In the purple-blue region at ¢ =90 deg, the
reflectance factor increases as the illumination angle changes
for near to far from surface normal. The shape of the reflec-
tance factor is similar except it shows a minimum at
6 =15 deg and then it flattens for wavelengths higher
than 480 nm as O increases. The wavelength at which the
reflectance factor is maximum (dyax) shows null or poor
dependency with the illumination angle 6. Aysx changes
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Fig. 4 Example of iridescence in the S. charonda butterfly. Spatial color maps in the sRGB color space
(size 400 x 400 pixels) at the illumination angle 6 of 15, 45, and 75 deg and at the azimuthal angle ¢ of O,
45, and 90 deg. Open squares (size 51 x 51 pixels) labeled from “1" to “18" indicate different purple-blue
and white-pearl regions at different spatial positions. Squares in the left column labeled as “1,”“3," and “56"
and “2,” “4," and “6" indicate a white-pearl and a purple-blue iridescent area at the azimuthal angle ¢ of
0 deg, respectively. Those squares in the central column labeled as “7,” “9,” and “11" and “8," “10,” and
“12" correspond to a white-pearl and purple-blue regions at the azimuthal angle ¢ of 45 deg, respectively.
In the right column, squares labeled as “13," “15,” and “17" and “14,” “16,” and “18" show two different
purple-blue iridescent regions at the angle ¢ of 90 deg, respectively.

from 400 to 410 nm at = 15 deg to a maximum value of
430 nm at @ = 45 deg (e.g., left-lower panel, squares 13, 15,
and 17). At the azimuthal angle ¢ = 0 deg or ¢ = 45 deg,
the spectral reflectance factor of purple-blue areas first
increases between 8 =15 deg and 6 =45 deg and then
it decreases at 6 = 75 deg showing a minimum. In the
right-middle panel at ¢ = 45 deg (squares 8, 10, and 12),
Amax shifts from 400 to 410 nm at =15 deg to
700 nm at @ =75 deg. In this particular case, the mean spec-
tral reflectance factor at 400 to 410 nm is very similar to that
value at 700 nm promoting the visual perception of bluish-
reddish or purple.*®

In the white-pearl regions at ¢ = 0 deg (left-upper panel,
squares 1, 3, and 5), the reflectance factor always increases
as the angle 8 changes for near to far from surface normal.
The shape of the reflectance factor changes from bluish at
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0 =15 deg to a nearly white flat spectrum at 6=
75 deg. Avax shifts from 410 nm at 6 =15 deg to
640 nm at & =75 deg. A different effect is found in the
same white-pearl region but now oriented at ¢ = 45 deg
(left-middle panel, squares 7, 9, and 11). Ayax changes
from 410 nm at # = 15 deg to 700 nm at 8 =75 deg,
the bluish part of the reflectance factor now decreases
from @ =15 deg to 8 =75 deg and weights the yellow-
ish-reddish part of spectrum. Figure 6 shows the CIELAB
color coordinates (Lx, ax,bx) of the 18 mean reflectance
factors as a function of the illumination angle. CIELAB val-
ues are grouped in six panels placed in a matrix arrangement
of three rows by two columns as in Fig. 5.

As expected, lightness values, L#, are higher for white-
pearl wing scales whereas purple-blue wing scales often pro-
duce higher red, (a* > 0), and blue, (b* < 0). Different color
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Fig. 5 Semilogarithmic plots of the mean spectral reflectance factor as a function of the ililumination and
the azimuthal angle. Numbers in each curve labeled from “1" to “18" indicate the spectral reflectance
factor of each selected square region showed in Fig. 4. Each mean spectral reflectance factor was

obtained from the average over 2601 reflectances.

patterns are observed as a function of ¢ and 8. At
¢ = 90 deg purple-blue wing scales exhibit higher light-
ness, red, and blue color coordinates as the illumination
angle 4 increases. At ¢ =45 deg and ¢ = 0 deg, L*, ax,
and bx color coordinates increase from 6 =15 deg to
6 = 45 deg and, then they decrease at 9 = 75 deg. At ¢ =
45 deg and ¢ =0 deg in white-pearl wing scales, L*
always increases as the illumination angle & increases.
Chromaticity coordinates, ax and bx, change from blue
(b* < 0) and red (ax > 0) at 8 = 15 deg and 6 =45 deg
to yellow (bx>0) and red (ax >0) at 8 =75 deg.
Table 1 shows chroma values C, derived from the 18 mean
reflectance values as a function of the azimuthal angle ¢ and
the illumination angle 6.
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Purple-blue chroma values, C%,, are higher than white-
pearl ones except at ¢ =45 deg, 8 =75 deg. Figure 7
shows in the ax, bx color plane,” the projection of the
angle-dependent color effects developed by the white-
pearl and purple-blue wing scales.

Those ax, b* coordinates in the vicinity of the achromatic
point (ax = 0, b* = 0) correspond to “achromatic colors”
(i.e., nearly wh1te gray, or black).** Two different and
characteristic patterns result. Purple-blue wing scales exhibit
color coordinates through one quadrant in the ax, b* plane,
i.e., in the reddish-bluish part (ax > 0, bx < 0). However,
the color coordinates of white-pearl wing scales cluster near
the achromatic point in two quadrants, i.e., reddish-bluish at
@ =0 deg (ax > 0, bx < 0) or reddish-yellowish (a* > 0.

March 2014 « Vol. 53(3)



Medina et al.: Detalled experimental characterization of reflectance spectra of Sasakia charonda butterfly. . .

100 rite pearl area 100 Purple-blue :
- ea -
80l - sol urple-blue area |
60 | 0——*-‘“;’ 5 60 ]
saf 1 40l 2 4 6
3 ‘___._——-—-‘- ———
20 Reddish 201 ,,/L\. 1 o
0 i ” 0 =
L.._._,______“’_‘__,_,-"""’_ | @
20} . {1 -20f ]
Bluish
-40 @ L* . -40 +—¥—L* 4
-60 _"._ ar i -60 _+ a* i
—— p* .+ b*
R e oL
0 15 30 45 60 75 90 0 15 30 45 60 75 90
100 r T : 100 - T T —
- White - pearl area Purple-blue area
80 | g 80 :
»n 60 — 1 60
= 9
c 40} 7 40F 8 10 12
=]
o 200 Yellowish { 20} 7?: ]
g o= 0 p=45°
m20f 4 20} \ / ]
O 4o ™ 40| i
-60 -60 |
Bl ol
0 15 30 45 6 75 90 0 15 30 45 60 75 90
100 T — 100 T -
80 Purple-blue area| sol urple -blue area
60 | 17 60 |- 18
40! 15 ’ 4 14 16 Y
20 | &HJ'/ 20 ::://:;
A — " ! ]
0 0 o =90°
20 ‘__—_—\ 20 .\ ]
40 | o -40 \.
-60 | -60
-80 -80

0 15 30 45 60 75 90

0 15 30 45 60 75 90

lllumination angle 9 (deg)

Fig. 6 Linear plots of the CIELAB values as a function of the illumination angle 6. Color coordinates were
calculated by using mean spectral reflectance factors in Fig. 5, CIE 1931 color-matching functions of the
2-deg standard observer and CIE standard illuminant D65. At each illumination angle, numbers labeled
from “1” to “18” indicate the color coordinates of each selected square regions shown in Fig. 4.

bx > 0)at ¢ = 45 deg. Therefore, Figs. 6 and 7, and Table 1
clearly indicate that purple-blue wing scales enhance the blue
coloring and colorfulness.

3.2 PCA of Reflectances

PCA was done over 2601 reflectances at each of the 18
squares separately (Fig. 4). Spectral data at 400 nm were
excluded (Fig. 3). It was necessary that the first six and
the first 23 eigenvectors reach >99% of cumulative variance
in purple-blue and white-pearl iridescent wing scales, respec-
tively. Therefore, the original 30-D reflectance spectra can be
simplified into a 6-dimensional and a 23-dimensional vector
space in purple-blue and white-pearl scales, respectively,
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without much loss of variance. This also suggests that the
spatial color formation of white-pearl scales contains more
sources of spectral variability.

For instance, Fig. 8 compares the first four eigenvectors of
purple-blue versus white-pearl wing scales at ¢ = 0 deg
(squares 1, 3, and 5 and 2, 4, and 6, respectively, left column,
Fig. 4). At this angle of the BRDF, the S. charonda exhibits
the highest lightness, Lx, values (Fig. 6). Weights or load-
ings*2%4% in Eq. (2) are grouped in 12 panels placed in a
matrix arrangement of four rows by three columns. Each col-
umn indicates the eigenvectors or basis functions at the illu-
mination angles of 15, 45, and 75 deg, separately. Note that
the spectral shapes of eigenvectors in Fig. 8 are statistical
values and have positive and negative values because the
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Table 1 Chroma values Cj, of selected wing areas.

@ (deg) 9 (deg) Purple-blue White-pearl
15 17 7.3
0 45 48.9 13.4
75 11.5 1.2
15 21.5 203
45 45 52.4 5.1
75 8.6 11.5
15 19.7 19.7 —
90 45 23 32.6 -
75 39.3 57.5 —

reflectance spectra are subtracted from the sample mean
reflectance [Eq. (2)].3%%%*

The first basis function has the largest eigenvalue and
accounts for the majority of total variation of reflectance
spectra; it is positive at all wavelengths and it is often inter-
preted as a measure of the overall direction along which
reflectance spectra are distributed®**"  (purple-blue,
6 =15 deg, 47.5%, 0 =45 deg, 71.5%, 6 =75 deg,
87.6%; white-pearl, 6 =15 deg, 489%, 0 =45 deg,
62.5%, 8 =75 deg, 72.6%). In the purple-blue wing scales,
it weights all the spectral bands at & = 15 deg by approxi-
mately the same quantity. It has a small peak at around 650 to
660 nm at § = 15 deg, and then, it has a peak at 410 nm, at
6 =45 degand @ = 75 deg. In the white-pearl wing scales,
the basis function 1 broadens and has a small peak at 420 nm,
at 6 =15 deg. Then the peak shifts to 470 nm, at
6@ =45 deg, and finally, flattens at @ =75 deg. Similar
angle-dependent effects on the basis functions have been
found in multilayered interference reflectors.*®
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Basis function 2 indicates the second direction which
reflectance spectra are distributed. It has the second largest
eigenvalue and explains less variability in the reflectance
spectra (purple-blue, 8 =15 deg, 29.1%; 8 =45 deg,
13.4%; 6 =715 deg, 8.7%; white-pearl, 6 =15 deg,
24.8%; 0 =45 deg, 16.6%; and 8 =75 deg, 15.6%).
Basis functions 2 and 3 also modify their shape and shift
in the horizontal wavelength axis as a function of the illumi-
nation angle 6 in purple-blue wing scales but this effect is
less evident in white-pearl scales. Differences between
purple-blue and white-pearl wing scales are mainly located
in the bluish-greenish-yellowish part of the spectrum, i.e.,
between 410 and 550 nm. In general, the shape of the
white-pearl basis functions is similar to the purple-blue
regions but the white-pearl eigenvectors broaden. The rest
of eigenvectors, from the basis function 5 to the basis 30,
weight different wavelength intervals and explain fewer
spectral variations.*>?840

3.3 Reconstruction of Reflectance Spectra

Reconstruction of reflectance spectra was done over 2601
reflectances in the selected purple-blue and white-pearl
wing areas at the angular position ¢ = 0 deg and at the illu-
mination angles 8 =45 deg and 8 =75 deg (Fig. 4). To
examine the spectral variability of wing areas only in one
direction of the 30-D space of reflectance vectors, each
reflectance sample vector at each pixel position was pro-
jected by the linear combination of the mean reflectance
R and only one eigenvector S;, R/;, =R+ a;;,Ss,
k=1,2,...,30 [Eq. (2)]. Then the resulting reflectance
spectra were mapped to color coordinates in the sRGB
color space. For instance, Fig. 9 shows the projected reflec-
tance spectra over the first four eigenvectors separately (see
Fig. 8). The first row indicates the original purple-blue and
white-pearl wing areas. The remaining rows represent the
projected reflectance spectra in only one direction S,
(k =1, 2, 3, 4). Therefore, each panel in Fig. 9 simulates
hypothetical purple-blue and white-pearl wing scales
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Fig. 7 Linear plots of the CIELAB as+, b* color coordinates of the white-pearl and purple-blue wing scales.
Color coordinates at different illumination angles are connected by solid lines and they are classified as a
function of the azimuthal angle ¢ by using different symbols. Color coordinates were calculated by using
mean spectral reflectance factors in Fig. 5, CIE 1931 color matching functions of the 2 deg standard
observer and CIE standard illuminant D65.
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Fig. 8 The first four eigenvectors or basis functions of the purple-blue and white-pearl iridescent regions
(angle ¢ = 0 deg) at the illumination angle ¢ of 15, 45, and 75 deg, separately. For each illumination
angle, numbers indicate the cumulative percent of variance explained in the purple-blue and white-

pearl wing scales.

containing the contribution of only one of the first four
eigenvectors.

Reconstruction by using only the first eigenvector S; con-
tains most of the spatial details. They are different spatial
patterns related to the bluish and whitish appearance of

Optical Engineering 033111

wing scales. Reconstruction by the next second eigenvector
S, shows weaker spatial patterns that are associated with the
bluish-reddish and bluish-yellowish pigmentation of cap-
tured images. This could be associated with an irregular
spatial distribution of melanin pigment in the wing scales.
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Fig. 9 Examples of reconstruction of purple-blue and white-pearl wing areas at the illumination angles
9 = 45 degand @ = 75 deg. Each panelindicates the reflectance spectra converted to color coordinates
in the sRGB color space. The first row indicates the original purple-blue and white-pearl areas.
Subsequent rows indicate the spatial distribution of the recovered reflectance spectra that results by
the linear combination of the mean reflectance and one of the first four eigenvectors separately.

Two different forms of melanin are often associated with lep-
idopteran wing scales; eumelanin, a dark-brown pigment, and
phenomelanin, a yellowish-reddish pigment.2' The remaining
two rows show the reconstruction by the third and fourth
eigenvectors 83 and S, respectively. They show even weaker
spatial patterns suggesting the presence of irregular fluctua-
tions or “noise.”* In the purple-blue area at @ = 45 deg,
it is still possible to discern distinct whitish spatial patterns

Optical Engineering

033111-11

whereas at @ = 75 deg and also in the white-pearl area, fluc-
tuations around the mean reflectance in Eq. (2) are not vis-
ually discernable. Table 2 indicates the mean and maximum
RMS-error between the original and recovered reflectances
and the mean and maximum S-CIELAB AE color difference
between the original and reconstructed RGB images.

Both mean and maximum RMS error and S-CIELAB AE
values are lower when using the first eigenvector S;. All
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Table 2 Mean, standard error of the mean (£1 SEM) and maximum (Max) RMS-error and S-CIELAB color difference of the reconstructed reflec-

tance spectra from one of the first four eigenvectors.

Purple-blue White-pearl
RMS-error

0 (deg) Eigenvector Meon (SEM) Max Mean (SEM) Max

45 S, 0.119 {0.001}) 0.362 0.124 {0.001) 0.363
S, 0.196 {0.002) 0.819 0.177 (0.002} 0.542
S3 0.207 (0.002) 0.859 0.192 {0.002) 0.544
Sa 0.209 (0.002) 0.858 0.194 {0.002) 0.543

75 S, 0.077 (0.001) 0.568 0.222 {0.002) 0.909
S, 0.188 (0.004) 1.718 0.372 {0.004) 1.371
S;3 0.201 (0.004) 1.727 0.4048 {0.004) 1.364
Sa 0.201 (0.004) 1.737 0.4081 {0.004) 1.376

S-CIELAB AE

45 s, 3.49 (0.05) 15.47 4.35 (0.07) 23.44
S, 5.72 (0.09) 249 4.54 (0.04) 12.9
S3 7.1 (0.7) 25 5.88 (0.07) 23.44
Ss 7.1 (0.1) 24.6 5.72 (0.07) 217

75 s 0.29 (0.01) 8.34 7.2 (0.1) 33.8
S, 2.6 (0.1) 46.8 7.48 (0.09) 28.29
S, 2.6 (0.1} 46.8 10.3 (0.1) 34.1
Sa 2.6 (0.1) 46.8 10.4 (0.1) 35

color differences between the original and reconstructed
images are discernible in human color vision (Fig. 9).
Reconstruction of the reflectance spectra by using the
remaining eigenvectors represents <10.4% and 19.1% of
cumulative variance in purple-blue and white-pearl wing
scales, respectively (Fig. 8). Their spatial distributions
mapped in the SRGB color space exhibit very weak spatial
pattemns and noise in a similar way as S; and S, at
6 =175 deg in Fig. 9. This spatial noise arises due to
many reasons and it may include noise from the spatial
arrangement of wing scales. Those eigenvectors that explain
a very small percentage of total variability may also indicate
artifacts from the multispectral imaging system,**>

4 Discussion

We have examined the components of the multispectral
BRDF of the butterfly S. charonda in the visible range at
different illumination and spatial positions. The spectral
and colorimetric analysis in Figs. 5-7 demonstrate distinct
angle-dependent color effects developed by purple-blue
and white-pearl wing scales. Purple-blue scales enhance
the blue coloring and they usually exhibit higher color sat-
uration (Table 1). The absence of melanin is likely respon-
sible for the whitish appearance of white-pearl scales in the
S. charonda.'>'* The lack of melanin may favor multiple
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light scattering that may be originated in the small irregular-
ities in the photonic structure of wing scales and in the wing
membrane. Consequently, background scattering may add
white light to the bluish coherent scattering to reduce the
color saturation (Fig. 5 and Table 1). This effect is similar
to the whiteness effects found in the E. mulciber'®'? and
in various Morpho species such as in the Morpho sulkowsky*
and in the Morpho cypris.** However, the blue iridescence of
purple emperor butterflies differs from other species of lep-
idoptera due to variations in the cuticle-air layers piled on the
ridges. For instance, the number of lamellae on the ridges in
the S. charonda is higher than in the E. mulciber'®!? and in
the A. meliboeus,’ whereas the tilt angle of cuticle-air layers
is lower.'>”'* Blue coloring in purple emperor butterflies is
associated with a blazed diffraction grating in the tilted
cuticle-air lamellae on the ridges.'*'>'® This is in contrast
with the blue coloring produced in some species of
Morpho butterflies that contain a number of lamellae similar
to the S. charonda (e.g., Morpho aega and Morpho au-
rora).’® In Morpho butterflies, blue structural color mainly
originates by multilayer interference from the shelf structure
of cuticles within the ridges.">%%* Other structurally
colored butterflies have developed alternative strategies to
achieve distinct iridescent patterns in the UV-blue-green
part of the spectrum by using different pigments. For
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instance, the combination of multilayer interference from
cuticle-air stacks on the ridges and pterin Pié)ments granules
in the crossribs in various pierid species,' "*® or the combi-
nation of a blazed diffraction grating from tilted multilayered
microribs and fluorescent papiliochrome pigment in the
papilionid Troides magellanus'®'*%" are two remarkable
examples.

All the results shown in Figs. 5-7 were done by averaging
the reflectances over thousands of reflectance spectra
obtained at different pixel locations. In this way, the multi-
spectral imaging setup behaves in a similar manner to a con-
ventional multiangle spectrophotometer that averages over
small regions of interest of few millimeters>**** and repro-
duces the shape of reflectance spectra (Fig. 3). The strong
blue coloring of the S. charonda has been explained by
other workers as diffracted light occurring in the first
order.'”™'* However, reflection patterns of these purple-
blue wing scales are very different from those produced
by manufactured diffraction gratings; contrary to the optical
stop-band properties of multilayer systems, gratings gener-
ally disperse colors into different directions. The reflection
patterns of S. charonda’s purple-blue scales do not show
rainbow-like diffraction patterns; instead they exhibit vivid
iridescence over a wide angular range,'”* in the same
way as in Morpho-type structures.">®?%%5 The results in
Figs. 4 and 5 show that iridescence from wing scales are
captured within the numerical aperture of the multispectral
system. The shape of the mean reflectance factor of the S.
charonda is very similar to the purple emperor A. ilia and
A. iris in the visible range.'>'® A totally different aspect is
to compare the BRDF obtained from the multispectral
acquisition setup in Fig. 2 and that obtained with traditional
spectroscopy methods. Multispectral BRDF imaging
acquires 3-D data cubes at multiple illumination and spatial
configurations; it contains more spatial information and is
more sensitive to the orientation of wing scales and surface
roughness (wing veins, hills, valleys, etc.). In the S. char-
onda this is clearly demonstrated in Figs. 4-6. However,
in traditional spectroscopy methods minor spatial irregular-
ities and defects are usually diluted within the imaged
scene.>*

Multispectral BRDF imaging has also a second advantage
in the spatial reflectance mapping of iridescent tissue that
other spectrophotometric methods do not have,>!!:!3-20.24.26.27
Our results show in Figs. 4, 8, and 9 that multispectral im-
aging can capture additional spectral and spatial information
to examine at any pixel in the field of view, the spectral
signature of purple-blue and white-pearl wing scales. This
might allow more elaborate spatial reflectance models for
classification and segmentation of iridescent tissue in bioi-
maging. In this sense, PCA is a robust standard method
that it is widely used to classify multivariate spectral data
and for noise reduction.’**84® Reconstruction of reflectance
spectra from PCA is appropriated to select those relevant
eigenvectors that contribute to the spectral characteristics
of iridescent tissue and to provide a better interpretation
of principal components. By using PCA on multispectral
BDREF data, we conclude that the number of eigenvectors
or basis functions that provide >99% of cumulative variance
is higher in white-pearl scales (Figs. 8 and 9 and Table 2). In
accordance with Eq. (2), a higher number of basis functions
in white-pearl scales indicate a higher number of dimensions
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and thus a higher spectral complexity in their spatial color
pattern formation. Higher spectral complexity might be
related in part with an irregular spatial distribution of mela-
nin pigment across wing scales as suggested by the basis
function 2 (Figs. 8 and 9). Other basis functions may also
be related to melanin concentration differences across sam-
ples but their interpretation is less clear. Those basis func-
tions that explain a very small percentage of variability
are likely due to noise artifacts from the multispectral acquis-
ition system and they could be discarded by projecting
raw reflectance datasets onto those eigenvectors with large
and medium variance in subsequent spectral modeling
analyses. %%

Multispectral BRDF data collected in the S. charonda are
limited by the fact that the multispectral setup (Fig. 2) was
restricted from 410 to 700 nm due to the lower transmission
of the LCTF at low reflectance values at 400 nm (Fig. 3). The
conclusions from the spectral and colorimetric analysis in
Figs. 5-7 and Table 1 do not change when the values at
400 nm were excluded and PCA was already done by exclud-
ing reflectance data at 400 nm. The multispectral setup was
developed by using optical components commercially avail-
able; its spectral calibration is standard and it was done by
using a white diffuse reflectance standard.’’ However, the
analysis of the multispectral BRDF of the S. charonda
wing in the near-UV range may be implemented by using
multispectral UV sensors. The modification of the current
multispectral application to different spectral bands merits
further investigation.

5 Conclusions

In summary, we report on the development of a novel multi-
spectral acquisition system for the measurement of the
BRDF of biological iridescent tissue in the visible range.
Multispectral BRDF data were gathered by the combination
of spectral and high-resolution spatial information with sev-
eral illumination angles by using a goniometric setup.
Therefore, multispectral BRDF imaging extends traditional
multispectral reflectance imaging methods to multiple illu-
mination and spatial positions and provides a considerable
amount of spectral data; it also provides a valuable method
of analyzing the spatial distribution of iridescence at the
micron scale in the field of bioimaging and could have poten-
tial applications in histological analysis when iridescent
tissues are analyzed in different liquids versus air.

In this paper, we have focused on the multispectral BRDF
of the S. charonda purple-blue and white-pearl wing scales
which have the same photonic structure and contain variable
amounts of melanin pigment. Multispectral BRDF data were
analyzed in user-defined regions of interest in many different
ways, from mean spectral reflectance curves to factor analy-
sis of reflectances at each pixel position. Reflectance spectra
were also converted to color coordinates in appropriate color
spaces for visual inspection as well as for quantitative col-
orimetric analysis. Spectral correlation analysis of reflectan-
ces obtained at different pixel positions was done by PCA.
PCA results conclude that the number of basis functions nec-
essary to achieve >99% of cumulative variance was higher in
white-pearl wing scales. This suggests a higher spectral com-
plexity in their spatial color pattern organization. Although
we have exemplified the measurement of the multispectral
BRDF in the study of the S. charonda butterfly wing, it
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could be applied to other structurally colored butterfly wings
as well as in the research on iridescence and possible damage
in the scales, eyes, and skin of animals reflectors such as skin
iridescence in fishes, squids, and birds, iridescence in the
cornea of many fishes or in the rapetum lucidum in the retina
of many vertebrate animals (e.g., cat’s eye).
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