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Abstract A rendering method, based on high ac-
curacy nano-optical simulations, is developed and
applied to render the iridescent colors of the
Morpho butterfly. The wings of the male display
blue structural colors and backscatterings. In or-
der to capture the Morpho butterfly features, sub-
wavelength interactions on the scales must be
rigorously taken into account. We calculate optical
interference in the subwavelength scale structure us-
ing the high accuracy nonstandard finite-difference
time-domain method, and validate the results by com-
paring with experimental measurements. Using our
simulation results, realistic Morpho butterfly images
are rendered.
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Introduction

Color that is not produced by pigment is called struc-
tural color. An object is iridescent if its color changes
with viewing angle. Structural color and iridescence
are ubiquitous. Soap bubbles, compact disks, hair,
skin, iris, jewel beetles, pigeons, peacocks, and butter-
flies all display structural color and iridescence [1—
10]. These phenomena arise from the interaction of
light with subwavelength features.

We focus on a male of a species of Morpho rhetenor
butterfly, native to Central and South America, which
displays a particularly brilliant iridescent blue as shown
in Fig. 1. This Morpho blue arises from optical interfer-
ence in subwavelength structures of nanometer size on the
butterfly’s scales. A remarkable characteristic of this struc-
ture is that it contains three photonic crystal-like structures
as explained in Section 3. Phase-shift generated by three
different co-existing structures gives rise to the butterfly’s
iridescence and backscattering (light is not specularly
reflected but instead scatters back to the source).

Structural colors cannot be captured using geomet-
rical optics, because it does not take subwavelength
interference effects into account. The conventional
finite-difference time-domain (FDTD) method can
compute subwavelength interactions, but the compu-
tational cost is too high to accurately analyze compli-
cated structures. We therefore used the nonstandard
(NS) FDTD method [11, 12], which has much higher
accuracy at lower cost for monochromatic waves.
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Fig. 1 Photograph of a male Morpho rhetenor. Its wings have a
brilliant blue color but contain no pigments

Figure 2 illustrates the pipeline used to render the
Morpho butterfly iridescence. It can be summarized in
the following steps: (1) Model the subwavelength struc-
tures based on a transmission electron microscope im-
age; (2) Simulate light scattering from the butterfly
model using the NS-FDTD method; (3) Using the
near-to-far field transformation and the color system
transformation, obtain the bidirectional reflectance dis-
tribution function (BRDF); (4) Render the butterfly
image using the BRDF. To the best of our knowledge,
this is the first time that Morpho butterflies have been
photo-realistically rendered using a rigorous FDTD cal-
culation validated by experimental measurements.

Previous works

The scale structure of the male Morpho butterfly has
been studied intensively, and several groups have

22 - [deg ]

lamellas

a Microscopy image

Fig. 2 Pipeline to render the structural color of a male Morpho
butterfly: a Transmission electron microscope image of a but-
terfly scale. Numerous photonic crystal-like ridges are visible. b
Model of a single ridge. Diffraction spots due to a periodic
structure can be canceled out by the averaging effect of ridges
with random heights on the butterfly scales. ¢ Simulated nano-
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b Model c

attempted to render its structural color [13—17]. But
they fail to reproduce both the iridescent blue and its
strong backscattering, because the diffraction superpo-
sition model [18] that they used cannot capture the
interference effects due to the subwavelength features
of the butterfly’s scales.

Although subwavelength effects have not been
completely ignored in conventional computer
graphics (CGs), they approximate the structures
by such simple regular shapes as spheres, thin
films, multilayer films, and regular diffraction
gratings, which can be theoretically analyzed.
For example, the atmosphere [19], clouds [20],
soap bubbles [21], iridescent colors in simple
structures [22], and compact discs [23] have been
rendered. Other examples are given in [24-27].
Since the subwavelength structures of the Morpho
butterfly are much more complicated [13—-17], its
blue color cannot be reproduced using such sim-
ple structure models.

Not only are the subwavelength phenomena of
Morpho butterflies difficult to understand theoreti-
cally, but their fabrication and measurement is also
difficult [28-31]. There have been previous
attempts to compute the subwavelength interac-
tions of the Morpho butterfly using conventional
FDTD or NS-FDTD simulations [32-34], but the
computed reflectance spectra differ from experi-
ment [31] because they used oversimplified struc-
tural models, and the rendered images failed to
capture the blue iridescence and the backscattering.
Using an improved structure model we were able

£ ldeg] 180

BRDF calculation d

Rendering

optics based on bidirectional reflectance distribution function
(BRDF) (# = incidence angle, ¢ = reflection angle). The BRDF
is obtained using the near-to-far field transformation and the
color system transformation. d Rendered image of a male Mor-
pho butterfly
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to improve on their results and reproduce more
realistic iridescence and backscattering than
previously.

Nano-structure of Morpho butterfly scales

The subwavelength structures of the male Morpho
rhetenor butterfly scales is shown in Fig. 3: images
(a) and (b) were made using an optical microscope and
(c) is a transmission electron micrograph. Figure 3(a)

Fig. 3 Male Morpho rhete-
nor wing scales. a Arrange-
ment of scales on the wing.
b A single scale. ¢ Ridges
and lamellae alignments on
the cross-section of a scale.
d Simplified 3D depiction of
scale structure

shows the arrangement of scales on a wing; (b) shows
a single scale; (c) shows ridges and lamellae align-
ments on a cross-section of the scale. The width and
thickness of a lamella are about 300 nm and 100 nm in
subwavelength regime, respectively. Figure 3(d) is a
simplified perspective view of a scale, where lamellae
are inclined at about 10° to the x-z plane. The ridges
are composed of staggered lamellae like a book shelf.

Three photonic crystal-like structures coexist in
the array of ridges and lamellae. The first one is a
1-D multilayer which gives rise to the blue color.
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Thin films with air and lamellae can be approxi-
mated by a multilayer film structure. The reflected
wavelength of a multilayer must satisfy [35-37]

nidj cos 6, + n,d, cos 8, = mA/2, (1)

where n is the refractive index, d is the thickness
of a film, 6 is the refraction angle, 1 is the
incident wavelength, and m is an integer. The
subscripts / and a denote the lamella and air,
respectively. Given typical parameters in the mi-
croscope image, n;=1.55, n,=1, d;=80 nm and
d,=115 nm in Eq. (1) and putting m=1, we obtain
A=480 nm (blue light) at normal incidence (6,=6,=
0). The second photonic crystal-like structure causes
blue light backscattering by the bookshelf-like stag-
gered lamella on each ridge. A ridge is composed of a
set of staggered lamella in the right and left sides.
The staggered lamellae on a ridge form two phase-
shifted photonic crystals on the left and right.
These two photonic crystals interact with light in
such a way that the blue component scatters back
to its source [31, 33]. The third photonic crystal-
like structure is a diffraction grating formed by
ridges of random height. A pair of ridges can be
approximated by a single slit structure. Single slit
diffraction is given by

d,sing = m, (2)

where d,. is the ridge interval and ¢ is the reflec-
tion angle. Taking A=480 nm, d,=550 nm and m=
1, we obtain a diffraction peak at ¢=60°. Al-
though the structure of the Morpho butterfly is
periodic, its width, height, and ridge (lamella)
shape contain some randomness, which randomly
shifts the phases of reflected waves and cancels
out the grating effect [33].

It has been hypothesized that the coexistence of
these three photonic crystal-like structures is the
origin of the brilliant iridescence of the Morpho
butterfly. But the combination of these effects is
difficult to theoretically analyze and is best inves-
tigated by numerical simulations. Note that the
anisotropic reflections are mainly in the x-y plane
and observed by rotating the body around the z-
axis as shown in Fig. 3(d). This is because many
ridges uniformly extend along the z-axis.

@ Springer

Nonstandard FDTD algorithm

Scattering of simple structures such as spheres and
infinite cylinders can be computed exactly using
Mie theory [38], but scattering from such compli-
cated structures as Morpho butterfly scales can
only be computed numerically. This is a difficult
calculation because a huge number of grid points
is needed to ensure sufficient accuracy. The recent
development of the nonstandard finite-difference
time-domain (NS-FDTD) method now makes it
possible to obtain sufficiently high accuracy at
moderate computational cost [11, 12].

For reference, we now introduce a key concept
of the NS-FDTD method. A one-dimensional
monochromatic wave is given by

l//(x, t) _ ei(kxj:wt)’ (3)

where & is the wavenumber, and w is the angular
frequency. The conventional or standard (S) central
finite difference (FD) approximation of the first
derivative is given by

doy(x,1)
— (4)

where 0, =0/0x, h is the grid spacing, and
dvy(x,t) = w(x+h/2,t) —w(x — h/2,t). For an ar-
bitrary superposition of monochromatic waves, an exact
central FD expression is given by

Oy (x, 1) =

Oy (x, 8) = LG sk, h) = 2 sin (%) . (5)

Equation (5) is called a nonstandard (NS) FD ex-
pression [39]. The NS-FD expression is equivalent to
the usual definition of a derivative because,

- dvy(x,t) L dvy(x,t)
}ILI%W = ]1113?)7 = Oy (x,1). (6)
Similarly, there is an exact NS-FD expression for

the time derivative of the form,

atl//(xa t) = jzz(zg y

s(w, At) = 2 sin(24¥) | (7)
where At is the time step.

The NS-FDTD method can be extended to two
and three dimensions. Although it is no longer
exact, its accuracy is much higher than S-FDTD
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Quadric curve

22 Reflection
lamellas

Incidence

180 deg.

b

Fig. 4 A single averaged ridge that represents an entire scale in
the numerical simulation. a Model of a single lamella on a ridge.
T, is thickness, I, is pedestal. W!, W2 W?3 are, respectively, the
widths indicated in the figure. Region O, connects one lamella
to another. b Single averaged ridge model (left) consisting of 22
lamellae. The incidence angle 6 and reflection angle ¢ in x-y
plane (right)

0 deg.

with respect to monochromatic waves [11]. Apply-
ing the NS-FDTD method to Maxwell’s equations,
we calculate light reflection from the Morpho but-
terfly’s subwavelength structures.

Rendering pipeline
Nano-structure modeling

To compute its optical characteristics, we need a mod-
el of the Morpho butterfly scales. As discussed in

Table 1 Simulation parameters

0~180° (5° increments)

350~550 nm (10 nm increments)

Angular range
Wavelength range

Grid spacing 10 nm
Computational domain 4 umx4 pm
Refractive index 1.55

Ay

Computational
domain

Fig. 5 Setup to calculate the near-to-far field transformation. r is a
position vector in far field, ” = r/|r|, ¢ is the reflection angle,

C'is a closed integration path, 1’ is a position vector on C, n is a
unit vector normal to C, and dr”’ is the perturbation on C

Section 3, diffraction spots generated by slit interfer-
ence are washed out by many ridges of random height.
If only a few scales are used in the simulation, spuri-
ous diffraction spots (which the real butterfly does not
display) are not washed out, but the greater the number
of scales in the simulation the higher the computation-
al cost. Fortunately, many ridges of random height are
optically equivalent to one single averaged ridge [33],
and thus using one averaged ridge we can model the
Morpho butterfly scales.

Since many ridges uniformly extend along the
z-axis as shown in Fig. 3(d), the anisotropic re-
flection can be simply modeled on a two-
dimensional x-y plane perpendicular to the wing
surface. A lamella is modeled as shown in Fig. 4
(a), where both ends of the lamella are approxi-
mated by a quadric curve. Averaging over a num-
ber of ridges measured in transmission electron
microscope image in Fig. 3(c) and using polyno-
mial approximations, we obtain
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Fig. 6 The reflectance dis-
tribution at wavelength=
480 nm (0 = incidence an-
gle, ¢ = reflection angle). a
Reflectance distribution
computed by NS-FDTD
simulations using a single
averaged ridge. b Experi-
mentally measured reflec-
tance distribution of a 5%

5 mm? Morpho wing sample
[31]. Color bars indicate the

reflectance ratio 0 6 [deg ]
a
where n=1, 2,---, 22 is the lamella number is

counted upward from the root, and

—-0.002 0.09 —-0.99 273 75.17
0.001 -0.05 027 333 245
4= —0.005 024 —-3.63 11.18 211.95
—-0.004 0.17 -=2.16 9.72 11.11
0.004 —-0.16 0.97 —2.82 316.38
—0.005 0.22 —-3.81 17.80 359.09
©)

Using the above, we obtain the averaged ridge shown
in Fig. 4(b). In the figure (right), the incidence angle 6
and reflection angle ¢ are defined in the two-dimensional
surface with respect to this single ridge (left).

Nano-optics based BRDF calculation

Using the NS-FDTD method, we first solve the full form
of Maxwell’s equations to simulate the near field reflec-
tions of a single averaged ridge in both the transverse

Fig. 7 Backscattering in
simulation of the TM mode
(wavelength=480 nm).
Black region is a single av-
eraged ridge model. a Par-
allel beam is incident at 6=
75°, indicated by white
arrows, at time=3 wave
periods. b Scattered waves
interact with each other as
they propagate along several
direction at time=6 wave
periods. ¢ Interference
causes backscattering indi-
cated by white arrows at
time=15 wave periods

@ Springer
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electric (TE) and transverse magnetic (TM) modes. The
simulation parameters are listed in Table 1. The compu-
tational domain is terminated by the nonstandard per-
fectly matched layer absorbing boundary condition (8-
layers) [40]. Since the BRDF or the reflectance is mea-
sured in far field, we use the near-to-far field transfor-
mation [41] to obtain the reflectance in far field. The far
fields are given by (see Fig. 5)

Ey=—ZNy— L., in TE mode (10)
E.=—ZN.+ Ly, in TM mode (11)

where Z = \/p/e (u = permeability, € = permittivity)
and ¢ is the angular cylindrical coordinate. In Carte-
sian coordinates, N and L are defined by

ik
N— i

— ik‘l‘l - H l'.k/l‘\-l" / 12
8ﬂ|r|e /C(nx )e dr’, (12)

0.0

-1.0
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Fig. 8 The reflectance spec- ] ]
tra of a Morpho butterfly 0.80
scale. a Computed and (b) I
experimentally measured
[31] spectrum distributions ] 0.04
at 0=¢ (upper color bars
denote incident light color, ! 048
right bars show the reflec-
tance ratio). ¢ Angular-
integrated reflectance spec- [ 032
trum with fitting curves at
6=90° i 0.16
0 | — | — 0-m
380 ‘Wavelength [nm]
a
0.5 ¢ 0O &
g I
0.4

g

£ 03+

g

E 0.2

+
0.1 o
0 -
380 400

/ (E x m)e*rrdr,
c

where r is a position vector in far field, ¥ = r/|r|, Cis
a closed integration path, r' is a position vector on C,

180 180

¢
[deg.] [deg.]
0 0
0 O [deg] 180 0
a

Fig. 9 BRDF color distributions in the SRGB color system: (a)

diffraction superposition model for a single ridge (multilayer

width=300 nm, interval=235 nm, and number=10) [18]; (b)

Measured

Computed z &
Fitting (Measured) 0 “p...
Fitting (Computed 1
420 440 460 480 500 520 540
Wavelength [nm]
C

and n is a unit vector normal to C. The transformation
of N and L from Cartesian to cylindrical coordinates is
given by

Ny = —Nysing + N, cos g, (14)

180

[deg]

0 (deg]
C

@ [deg]
b

our calculation; and (c¢) experimental measurement (f = inci-
dence angle, ¢ = reflection angle)
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Fig. 10 Rendered color
sphere using the simulated
BRDF: (a) green; (b) blue;
and (c¢) sSRGB. From left to
right, the incidence angles
are, =30, 60, 90, 120, and
150°, respectively. The
observing angle is ¢p=90°

Ly = —L,sing + L, cos¢. (15)
The reflectance R for each angle ¢ is given by

R(9) = |B[" + |E-I. (16)

For all visible wavelengths A and over all incidence
angles #, we obtain the anisotropic reflectance

c

distribution, R(4, 0, ¢). These calculations took about
10 hours on an Intel Core 2 Duo 2.66 GHz parallel CPU.

Figure 6(a) shows the reflectance distribution R com-
puted using the NS-FDTD simulation for blue light
(wavelength=480 nm). Figure 6(b) shows the experi-
mentally measured R using a male Morpho rhetenor
wing sample. In the experiment, the wing sample was

a b

Fig. 11 A male Morpho rhetenor CG using: (a) Experimentally
measured BRDF on flat surfaces; (b) Simulated BRDF on flat

surfaces; (¢) Simulated BRDF on texture- and displacement-

@ Springer

c d

mapped surfaces; and (d) Simulated BRDF combined with Mor-
pho wing image. Here the incidence angle is #=75°. From up to
down, the observing angles are ¢=150, 120, and 90°, respectively
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Fig. 12 a Texture of the
wing nervule pattern used
in the texture- and
displacement-mapping. b
Photograph of the real male
Morpho butterfly

5x5 mm?” and the all-angle reflection method was used
[31]. Both the simulated and measured results succeed
in capturing the backscattering which cannot be
obtained by the diffraction superposition model [18].
In the experimental measurements, there is no transmit-
ted light because the many taper-shaped ridges channel
light into the back of the wings. This has only a small
effect on the rendered images due to Lambert shading as
discussed in Section 5.3. Figure 7 shows an example
calculation of the scattered electric field distribution
with blue light backscattering (wavelength=480 nm)
in the TM mode. In Fig. 7(a), a parallel beam impinges
on a single ridge model at an angle of =75°. Figure 7
(b) shows interference by scattered waves after 6 peri-
ods. Figure 7(c) shows strong backscattering after 15
wave periods.

We compare the calculated reflectance spectrum
with the experimental measurement [31]. Figure 8(a)
and (b) show reflectance spectra along the backscat-
tering diagonal 6=¢ line. As the figure shows, the
simulation results and experiments differ at short
wavelengths because the shorter wavelength, the
greater the destructive interference between many
ridges of random height. Fortunately the reflection at

Fig. 13 Comparison of (a)
CG images with (b) real
photographic images from
different observing angles at
normal incidence (0=90°)

short wavelengths has only a small effect on the ren-
dering of structural color, because the spectral power
of daylight is relatively small in these wavelengths.
Figure 8(c) shows reflectance spectra integrated over
reflection angle (¢p=0~180°) due to normally incident
light, with fits to the data. Our computed angular-
integrated spectrum agrees better with the experimen-
tal measurements than conventional simulations [33,
34], especially in the strongly-reflected blue region.
Thus, using these computed results, we can produce a
more realistic Morpho butterfly CG.

As discussed in Section 5.1, many ridges on a scale
can be approximated by a single averaged ridge mod-
el. We assume that all scales are regularly aligned and
have the homogeneous reflection properties. There-
fore, the results for a single ridge model are extended
to those for entire scales. Using the Commission In-
ternational de L’Eclairage (CIE) of 1931 XYZ color
system transformation, we can transform the reflec-
tance distribution R into a BRDF under a standard
illuminant [42]. We then transform the BRDF from
the XYZ color system into the sSRGB system. Figure 9
shows the BRDFs in the SRGB color system, which
are given by (a) diffraction superposition model for a

@ Springer
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Fig. 14 Rendered Morpho rhetenor butterfly images from different observing angles with a forest background

single ridge (multilayer width=300 nm, interval=
235 nm, and number=10) [18]; (b) our calculation;
and (c) experimental measurement [31]. Whereas the
diffraction model fails to capture the backscattering,
our result shows good agreement with the measure-
ment. Figure 10 shows spheres rendered using the
simulated BRDF. The green is reflected over a narrow
angle relative to blue (red is almost zero) as shown in
Fig. 10(a) and (b). In Fig. 10(c), the brilliant blue
backscattering is captured.

Rendering Morpho butterfly images

In this section, we describe how to render male Mor-
pho butterfly CGs using the simulated BRDF. Elimi-
nating spurious transmitted light in the simulated
BRDF, we use a simple Lambert shading. The
reflected intensity at each surface point is given by

(i:r7g7b) (17)

where k; is the reflectance, /; is the incident intensity
given in the scene, N is the unit normal vector, and L is
the unit incidence vector. In Eq. (17), &; is obtained from
the simulated BRDF. Figure 11 displays rendered male
Morpho rhetenor images from three different observing
angles. The incidence angle is §=75°, which the brilliant
Morpho blue is strongly reflected. Figure 11 shows
rendered images using: (a) the measured BRDF on flat

I =kL;(N-L),

Fig. 15 Rendered images of
a male Morpho helena

@ Springer

wing surfaces; (b) simulated BRDF on flat surfaces; (c)
simulated BRDF on texture- and displacement-mapped
surfaces (see Fig. 12(a)); and (d) the simulated BRDF
synthesized with Morpho wing image. As shown in both
Fig. 11(b) and (c), the rendered images capture the
backscattering of the brilliant Morpho blue in agreement
with experiment shown in Fig. 11(a). We feel, however,
that the rendered CG images are monotonous because to
create the CG we assumed all ridges and lamellae to be
arrayed uniformly in z on the wing surface.

In order to show the complicated fuzzy iridescence
of real scale distributions on Morpho butterfly wings,
we combined the simulated BRDF with wing texture.
Figure 12(b) shows the texture photographed using indi-
rect light so that the Morpho blue is mainly given by the
simulated BRDF. Figure 11(d) shows the final rendered
CG images. In Fig. 13, we compare rendered CG images
with photographs from different observing angles. Our
results are an improvement over conventional methods
[15], and are comparable to photographic images.
Figure 14 shows photo-realistically rendered images
from different observing angles with a forest background.

Finally we render the Morpho helena, which is the
same subspecies as the rhetenor. The Morpho helena
has different wing patterns from that of rhetenor but the
scale structures are almost the same [10]. Figure 15 are
rendered images of the Morpho helena, and are compa-
rable to the photographic ones.
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Conclusion

A pipeline to render Morpho butterfly iridescence,
based on both rigorous modeling and nano-optical
NS-FDTD simulations, have been proposed. The pipe-
line consists of the following 4 steps: (1) Model sub-
wavelength structures from a transmission electron
microscope images; (2) Simulate light scattering of
the model using the NS-FDTD method; (3) Using
the near-to-far field transformation and the commis-
sion international de L’Eclairage (CIE) 1931 XYZ
color system transformation, obtain a nano-optics
based bidirectional reflectance distribution function
(BRDF); and (4) Render the Morpho butterfly image
using the BRDF. A model of Morpho butterfly scales
was carefully constructed at the nano-meter level. Our
computed results were in better agreement with exper-
imental measurements [31] than conventional FDTD
simulations [33, 34]. CGs of the Morphor hetenor and
helena were rendered photo-realistically. Furthermore,
this paper has demonstrated the first FDTD simulation
of the Morpho butterfly scales, which is comparable to
experimental measurements.

Biological iridescence, structural color, and aniso-
tropic reflection are ubiquitous in the natural world.
Butterflies, peacocks, pigeons, swallow’s tails, jewel
beetles, and sea shells exhibit structural colors [2—4, 7,
10]. Even human hair with cuticles and iris display
anisotropic colors [5, 8, 9]. These complicated irides-
cences are difficult to render photo-realistically, be-
cause the mechanism that produces complicated
optical effects is still not well understood. Our work
provides a methodology to render these effects having
such iridescences.
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