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YUNCHEN YU, Cornell University, USA
ANDREA WEIDLICH, NVIDIA, Canada
BRUCE WALTER, Cornell University, USA
EUGENE D’EON, NVIDIA, New Zealand
STEVE MARSCHNER, Cornell University, USA

Bronzewing

| Normal incidence

Magpie Starling

Fig. 1. Rendered feathers of four common bird species, exhibiting iridescent structural color arising from a variety of nanoscale structures within the barbules.
Our method starts with randomized procedural models of these structures, uses efficient wave simulations to predict BRDFs and statistical analysis to model
spatial and angular irregularity, and results in efficient BRDF models that can be used in standard path tracers.

Many animals exhibit structural colors, which are often iridescent, meaning
that the perceived colors change with illumination conditions and viewing
perspectives. Biological iridescence is usually caused by multilayers or other
periodic structures in animal tissues, which selectively reflect light of certain
wavelengths and often result in a shiny appearance—which almost always
comes with spatially varying highlights, thanks to randomness and irregu-
larities in the structures. Previous models for biological iridescence tend to
each target one specific structure, and most models only compute large-area
averages, overlooking spatial variation in iridescent appearance.
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In this work, we build appearance models for biological iridescence using
bird feathers as our case study, investigating different types of feathers with
a variety of structural coloration mechanisms. We propose an approximate
wave simulation method that takes advantage of quasi-regular structures
while efficiently modeling the effects of natural structural irregularities. We
further propose a method to distill our simulation results into distributions
of BRDFs, generated using noise functions, that preserve relevant statistical
properties of the simulated BRDFs. This allows us to model the spatially
varying, glittery appearance commonly seen on feathers. Our BRDFs are
practical and efficient, and we present renderings of multiple types of irides-
cent feathers with comparisons to photographic images.
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1 Introduction

Iridescent structural coloration is a widespread wave optics phe-
nomenon in nature that results from organized nanostructures in
biological tissues. Appearance modeling of biological iridescence is
an important topic, as it helps us reproduce the striking beauty of
nature and also finds applications in biomimicry and meta-material
design [Han et al. 2017]. Previous works in graphics have stud-
ied structural colors, with methods based on analytical modeling
[Sun 2006] or wave simulations [Okada et al. 2013], though most
focused on very specific structures, e.g. in one animal species. More-
over, most previous models for iridescent appearance are in the
form of large-area averages [Belcour and Barla 2017] and do not
sufficiently address the effects of randomness and irregularities in
structures—while it is the irregularities that lead to the spatially vary-
ing highlights commonly seen on iridescent objects. In this work,
we introduce a novel appearance model for biological iridescence
arising from multiple types of structures. Iridescence commonly
originates from thin films, multilayers, and photonic crystals, and
all of these structures have been found in iridescent feathers. Thus,
we focus on studying iridescent feathers, using methods that can be
generalized toward modeling a wider range of biological iridescence.

Feather iridescence is mainly produced by micro-sized substruc-
tures called barbules, which contain quasi-regular nanostructures
that selectively reflect light of certain wavelengths. Thus, our ap-
pearance modeling relies on computing reflection from barbules,
which in turn requires accurate wave simulations. We present a
wave optics simulator that computes scattering from barbules with
complex internal structures, using different types of approximations
for barbules with different nanostructures. By assuming transla-
tional symmetry in barbule structures, our simulations only involve
2D calculations and are fast and scalable. Having validated the ac-
curacy of our simulator against our 2D full-wave solver, we use our
approximate simulations to efficiently characterize the reflectance
distributions of many types of barbules.

More importantly, we want to simulate the spatially varying, glit-
tery appearance of iridescent feathers, caused by small variations in
structure from one barbule to the next. The barbules in a feather can
be seen as samples from a distribution of similar, but not identical,
structures, resulting in a distribution of different BRDFs (Bidirec-
tional Reflectance Distribution Functions). We model not just the
mean of this distribution—the average BRDF of the feather—but
also the distribution itself. For each type of feather, we perform
wave simulations on many randomly generated instances of barbule
structures, and then analyze the statistics of the simulation results
to derive a mean BRDF and characteristic noise functions, which
together define a distribution of BRDFs, preserving important sta-
tistical properties of the simulations. Our designed BRDFs can be
efficiently sampled and evaluated at render time.

Our contribution is therefore two-fold. We present a fast and
accurate wave simulator that computes scattering from small objects
with many types of internal structures, and also provide a reference
simulator for validation. Furthermore, we introduce a pipeline for
distilling wave simulation data into practical appearance models,
in the form of BRDF distributions that explicitly model spatially
varying appearance. Using our BRDFs, we render different types
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of feathers at multiple scales and compare with reference photos.
Our barbule geometric models, approximate and reference wave
simulators, BRDF generation pipeline, and BRDF implementation
can be found at https://github.com/blaire9989/FeatherLab.

2 Related Work

In this section, we discuss previous work related to feather iri-
descence, including structural color modeling, wave optics based
appearance modeling, and feather rendering and imaging.

2.1 Iridescent Reflectance Models

Many models have been proposed to render iridescent surfaces. The
earliest [Dias 1991; Gondek et al. 1994; Smits and Meyer 1992] mod-
eled the reflection from a perfect multilayered surface, predicting a
mirror-like specular reflection with strong wavelength dependence
[Hirayama et al. 2001]; we use a similar computation as a compo-
nent within our simulation of imperfect multilayer structures. Other
methods have modeled diffraction from periodic horizontal struc-
tures using grating equations or Fourier optics methods [Egholm
and Christensen 2006; Stam 1999; Sun et al. 2000]. For color accu-
racy, either spectral rendering is used, or careful conversions to RGB
reflectance must be made [Belcour and Barla 2017; Sun 2006]. To
build more complete and expressive models, thin-film reflection has
been combined with microfacet [Belcour and Barla 2017; Kneiphof
et al. 2019] or Kirchhoff [Dong et al. 2016; Icart and Arqués 1999,
2000] rough-surface reflection models to incorporate the effects of
irregularity on the smooth BRDF. Our method is related to Icart and
Arqueés [2000] in that we model the effects of irregularity in a phys-
ical optics framework, but we model spatial variation rather than
only the average BRDF and consider a broader range of structures.

More recent works have applied advanced analytical models to
estimate the average BDRFs for specific types of iridescent materials
such as pearlescent materials (thin film platelets dispersed in a
dielectric) [Guillén et al. 2020] and Bragg mirrors (1D photonic
crytals or deeply-layered thin films) [Fourneau et al. 2024].

2.2 Wave Optics for Appearance Modeling

An alternative approach to the aforementioned analytic BRDFs is to
run more general simulations as a preprocess, using methods such
as the finite-difference time-domain (FDTD) method and the bound-
ary element method (BEM). FDTD simulations rely on grid-based
spatial discretization, and solve the differential form of Maxwell’s
equations using time stepping [Oskooi et al. 2010]. Notably, FDTD
supports periodic domains and is a good fit for characterizing pe-
riodic structures such as photonic crystals, as we do in this work.
BEM formulates Maxwell’s equations into integral equations on the
surface of the scattering object, lowering the dimension of spatial
discretization. BEM was previously applied to derive fiber BCSDFs
(Bidirectional Curve Scattering Distribution Functions) [Xia et al.
2020] and complicated surface BRDFs [Yu et al. 2023], and in this
work, we use BEM to simulate scattering from the internal struc-
tures of barbules as a reference for validation. As in [Xia et al. 2020]
and [Raymond et al. 2016], we assume translational symmetry in
barbule structures and reduce our BEM computations to 2D.



Apart from FDTD and BEM, which rigorously solve Maxwell’s
equations, approximate wave simulations are also useful for appear-
ance modeling. Recently, [Xia et al. 2023] proposed a fast method
for computing fiber scattering, based on pointwise approximations
of the reflected field, from which they derived noise-based models
for fiber rendering. We also present a fast simulator for computing
barbule reflectance based on pointwise approximations, and our
feather BRDFs similarly have a noise function component. Still, our
work is different from [Xia et al. 2023] in a few aspects. For one,
their approximate simulations assume uniform index of refraction
(IOR), while our simulations handle a range of internal structures.
Moreover, the noise model in [Xia et al. 2023] builds on an exist-
ing fiber BCSDF, whereas ours is self-contained, with the entire
model derived from our simulations. Our parameterized BRDFs can
characterize many iridescent objects, modeling their dramatic color
changes with respect to illumination and viewing angles.

Moreover, tabulation is frequently used [Cuypers et al. 2012; Guo
et al. 2021] to capture the complex behavior of wave optics. We
precompute and tabulate certain parameters in our model, and later
use them to synthesize our distributions of iridescent feather BRDFs.

2.3 Feather Rendering and Iridescence

Previous works have proposed methods for rendering feathers at
multiple scales. At the coarsest scale, feathers can be rendered using
bidirectional texture functions [Chen et al. 2002; Franco and Walter
2007]. At finer scales, barbs in the feathers, which branch off from
the main shafts, are explicitly modeled as curve primitives [Baron
and Patterson 2019; Baron 2018; Franco and Walter 2002; Seddon
et al. 2008] and are usually rendered using hair shading models
[d’Eon et al. 2011; Marschner et al. 2003; Moon et al. 2008; Zinke
and Weber 2007]. Only a few works consider barbules, which are mi-
croscopic structures that branch off from the barbs—recently, [Baron
et al. 2021, 2022] proposed a substructure-based shading technique
that simulates the appearance of barbules, and [Huang et al. 2022]
implicitly modeled barbules by adjusting the shading frames on the
barbs. Among these works, [Huang et al. 2022], which rendered
iridescent rock dove feathers using a parameterized BSDF, is the
most relevant to our work. Compared to this previous work, our
modeling of iridescence is more simulation-driven, but eventually
our BRDFs are also parameterized and easy to evaluate.

Moreover, many works in ornithology study the nanostructures
in iridescent barbules using scanning electron microscope (SEM)
and/or transmission electron microscopy (TEM) imaging, providing
valuable data on barbule anatomy [Freyer and Stavenga 2020; Freyer
et al. 2021; Giraldo et al. 2018; Han et al. 2017; Nakamura et al. 2008;
Stavenga et al. 2017; Xiao et al. 2014]. We rely on these sources for
the geometric data that underlie our simulations.

3  Overview

As shown in Fig. 2, a feather consists of a central shaft—the rachis—
along with a collection of barbs that branch off from the rachis. The
barbs contain further branches—the barbules—which are typically
microscopic and consist primarily of keratin, melanin, and some-
times air channels [Prum 1999]. These tiny but numerous barbules
constitute the majority of the feather’s surface area and appearance.
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Table 1. List of commonly used symbols.

A Wavelength of the light (in air)

E H Electric and magnetic fields

LM Electric and magnetic current densities
Yss Vp Composite reflectivity of a structure

Wi, Wo Incident and outgoing directions

0i, i Longitudinal and azimuthal angles of w;

Fr (4 wi, w0) BRDF representing average reflectance
fr(n) (A, wi, wo) | Individual BRDF instances

Meff, Petts Feff BRDF parameters: average reflectance
Msta, Pstas Fsta, | | BRDF parameters: statistics

qr(x), qi(x) Noise functions for BRDF synthesis

Barbule cross section

Fig. 2. A typical feather structure with multiple levels of branching. The
structures responsible for iridescent colors are the barbules. A barbule is
characterized by a non-circular cross section and often exhibits translational
symmetry along its longitudinal axis (y-axis in this context). The feather
diagram is adapted from [Thompson 2014].

In barbules from iridescent feathers, different materials are orga-
nized into quasi-regular structures that selectively reflect light of
certain wavelengths. We study different types of iridescent barbules
and build realistic appearance models for iridescent feathers.

3.1 Coloration Mechanisms

Many types of birds have iridescent feathers thanks to specially
arranged nanostructures in their barbules, and the exact coloration
mechanisms vary among bird species. In this work, we study seven
bird species, as listed in Table 2. Each species has one unique type
of barbule structure, and our featured species cover a representative
range of structures, from thin films [Freyer et al. 2021; Nakamura
et al. 2008] and multilayers [Giraldo et al. 2018; Xiao et al. 2014] to
photonic crystals of varied types [Freyer and Stavenga 2020; Han
et al. 2017; Stavenga et al. 2017]. Unlike simpler pigment-based
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colors, these iridescent colors are caused by subwavelength-scale
structures inside the barbules, and thus the wave nature of light
must be considered in our simulations.

3.2 2.5D Wave Simulations

The most precise way to compute barbule scattering is to perform
3D wave simulations, which would be very expensive and impracti-
cal for rendering. Fortunately, many barbules exhibit translational
symmetry along a longitudinal axis, with their cross section pro-
files approximately invariant, as illustrated in Fig. 2. Therefore, we
compute scattering from barbules using “2.5D” wave simulations,
as in recent work on fiber scattering [Xia et al. 2020]. That is, we
represent each barbule with its cross section profile, and our wave
simulations compute electromagnetic fields in 3D, while only using
2D calculations that involve a cross-sectional slice. We introduce
our 2.5D simulations in Section 4, and compare BRDFs derived from
2.5D and (very expensive) 3D simulations in our result sections.

We must note that although we study barbules using 2.5D simula-
tions, which were previously applied on fibers, we describe barbule
appearance using formalisms for surfaces rather than fibers (i.e.
BSDFs rather than BCSDFs). This is because unlike fibers, barbules
have distinguishable top and bottom surfaces, and their top surfaces
are often nearly flat or mildly curved, allowing us to compute an
average, macro-scale surface normal.

3.3 BRDF Distributions

Based on simulating barbule scattering, we hope to build realistic
appearance models for iridescent feathers. Importantly, each feather
consists of many barbules that are structurally similar, while the
exact nanostructures vary among barbules, resulting in spatially
varying highlights on feathers. Thus, our models need to compute
the overall reflected colors from feathers and also incorporate dif-
ferences in the reflectance distributions of individual barbules.

In our framework, we define a distribution of barbule structures
corresponding to each type of feather. Barbules in each distribution
are described by similar 2D cross sections that we procedurally gen-
erate based on geometric data from the ornithology literature. We
perform 2.5D simulations on a number of barbule samples in the dis-
tribution, and first construct a smooth BRDF, fitted to an analytical
model, that represents the average reflection from the distribution
of barbules. We then analyze the reflectance functions of individual
barbules to study their single-point statistics (mean and variance)
as well as autocorrelations. Based on these statistical properties, we
design 1D noise functions and use them to construct a distribution
of BRDFs, which statistically resemble the BRDFs computed from
simulations. We discuss our BRDF generation pipeline in Section 5.

4 Wave Optics Simulations

In this section, we discuss our 2.5D wave simulations that compute
reflection from barbules with a diverse range of internal nanostruc-
tures. Each wave simulation is provided with a barbule cross section,
along with a wavelength and an incident direction. An incident field
is propagated to the barbule, and the simulation computes the re-
flected field from the barbule, which we use to derive the barbule’s
reflectance distribution.
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Fig. 3. lllustration of our simulation, where a barbule segment is illuminated
by an incident field. The core of the simulation involves computing the
surface current densities at each point along the barbule’s top surface,
based on the local incident field and barbule nanostructure.

One rigorous method to compute the reflected field is to solve
Maxwell’s equations in the entire domain using the boundary ele-
ment method (BEM) [Gibson 2021], which formulates the scattering
problem on the boundary of the scattering object. Given an inci-
dent field and a scattering object, BEM introduces fictitious currents
on the object surface, and solves for the current densities from re-
lationships between fields and currents, as dictated by Maxwell’s
equations. The surface currents are then used to compute the scat-
tered field that propagates outward from the object, which deter-
mines the object’s scattering distribution. BEM’s use of fictitious
surface currents lowers the dimensionality of computations, but
these simulations can still be very expensive, as the surface currents
are computed by solving large systems of equations, assuming all
the surface points are interdependent [Xia et al. 2020; Yu et al. 2023].

Here we borrow the notion of fictitious surface currents from
BEM, but approximate the current densities on the barbules point by
point based on local nanostructures, thereby avoiding large systems
of equations. We introduce our simulation setup in 4.1, and in Sec-
tions 4.2 and 4.3, we present two methods to approximate surface
currents on different types of barbules, which are used as “plug-ins”
to our overall simulation pipeline. We discuss how to compute the
barbules’ reflectance distributions in Section 4.4.

4.1 Simulation Setup

We start by introducing our simulation pipeline and important quan-
tities. As shown in Fig. 3, each simulation is provided with a 2D cross
section model of a barbule segment, which in general represents
a section from a full barbule (since many barbules are larger than
needed). As opposed to a closed contour (Fig. 2), our model of a
barbule segment has a top and a bottom surface, and the lengths
of these surfaces limit the size of the simulation domain along the
x-axis, as shown in Fig. 3. The interior of a barbule segment is mod-
eled as regions that contain keratin, melanin, or air, and keratin and
melanin are materials with wavelength-dependent IORs. We adopt
the IORs provided in [Stavenga et al. 2015]:

ne (1) = 1.532 + 5890/ 12

(1)
Am(A) = 1.648 + 23700/A% + j - 0.56e /270
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Table 2. An overview of the different types of feather barbules studied in this work. In these descriptions, a melanosome refers to a nano-sized structure that
contains melanin. Melanosomes are considered rod-shaped, except in hummingbird feathers, where they are described as pancake-shaped.

Type Species Major coloration scheme
1 Rock dove (columba livia) Thin film interference from a keratin cortex
2 European starling (sturnus vulgaris) A keratin thin film on top of a basal melanin layer
3 Common bronzewing (phaps chalcoptera) Multiple layers of melanosomes with regular spacing
4 Anna’s hummingbird (calypte anna) Layers of pancake-shaped, air-filled melanosomes
5 Common mallard (anas platyrhynchos) 2D photonic crystal: solid melanosomes in a hexagonal grid
6 Black-billed magpie (pica hudsonia) 2D photonic crystal: air-filled melanosomes in a hexagonal grid
7 Indian peafowl (pavo cristatus) 2D photonic crystal: melanosomes and air channels in a rectangular grid

where A is the wavelength (in nm) and j is the imaginary unit
of complex numbers. Note that melanin is an absorbing material,
especially at short wavelengths.

Given a barbule segment model, our simulation densely sam-
ples a set of points along the 1D top surface. At each point r, we
evaluate our incident field—a Gaussian-windowed plane wave that
propagates along the incident direction—and denote the electric
and magnetic fields as E;(r), H;(r). Based on the local incident field,
we estimate the local reflected field E, (r), H, (r) using the methods
from Sections 4.2 and 4.3. Knowing the incident and reflected fields
at r, we can compute the fictitious surface current densities, which
are the electric current J(r) and the magnetic current M(r):

J(r) =n(r) X [Hi(r) + Hr(r)] @
M(r) = -n(r) X [E;(1) + E, (1)]
where n(r) is the local surface normal at r.

With the surface currents, we can evaluate the scattered field
from the barbule using the source-field relationships, which provide
formulas for the scattered field at any point above the top surface,
in terms of the current densities:

Es(p) = jop(L))(p) - (KM)(p)
Hs(p) = joe(LM)(p) + (KJ)(p)

where o is the angular frequency of the fields, and p, ¢ are the per-
meability and permittivity of the medium. The operators £ and K
compute weighted integrals of J and M along the barbule’s top sur-
face. Eq. 2, Eq. 3 and the expressions for £, K follow from Maxwell’s
equations and associated boundary conditions, and more detailed
formulations can be found in [Xia et al. 2020] and [Yu et al. 2023].

Eq. 2 and Eq. 3 show that our simulation boils down to accurately
approximating the reflected field E,, H, along the barbule top sur-
face. The next two sections discuss “plug-ins” to our simulation that
approximate the reflected field from barbules with different internal
structures. Regardless of which “plug-in” we use, our simulation
unifies at the last step, where we compute the barbules’ reflectance
distributions with respect to the outgoing directions.

®)

4.2 Imperfect Multilayer Structure: Barbule Types 1-4

We first introduce a technique for computing reflected fields from
barbules with structural colors caused by multilayer arrangements,
namely Type 1-Type 4 barbules in Table 2, whose cross sections
are shown in Fig. 4(a). We approximate each structure as a spatially

varying multilayer stack, and estimate the reflected field at each
point based on the layers below that point.

Notably, we observe that many melanosomes and air bubbles in
barbules are closely packed, allowing us to model them as combined
layers, as in Fig. 4(b). Moreover, the interior regions of rock dove
and starling barbules, with randomly scattered melanosomes, are
approximated as layers with IORs computed from estimated per-
centages of different materials. This way, we turn a barbule that
contains many small particles into a layered structure with non-flat
layer boundaries—which we call an “imperfect multilayer” structure,
as illustrated in Fig. 4(c). These layer structures for modeling each
type of barbule are procedurally generated (source code released)
based on measurement data from the literature. In our supplemental
document, we compare TEM images from related works with our
procedural cross section models.

To compute reflection at a point r along the barbule top surface,
we assume the surface is locally flat and compute a normal vector
n(r). We then construct a line I(r) that goes through r in the direc-
tion of n(r). As shown in Fig. 4(c), I(r) cuts through the barbule and
intersects with the layer boundaries, creating a layer profile at r that
contains a sequence of layer heights and IORs. At r, we treat the
incident field as an ideal plane wave with field vectors E;(r), H;(r),
and approximate E, (r), H,(r) by locally reflecting the plane wave
off a perfect multilayer stack defined by this layer profile.

Specifically, approximating the field values E, (r), H,(r) requires
computing the composite reflection coefficient of the local layer
profile, given a wavelength A and a local incident angle 6(r). With
the layer thicknesses {hi} and the wavelength dependent layer
IORs {7}, the composite reflection coefficients ys(r), yp(r) for s
and p polarizations! can be computed using the transfer matrix
method for multilayer stacks [Born and Wolf 2013; Guillén et al.
2020; Mackay and Lakhtakia 2022].

Given the composite reflection coefficients y;(r), yp (1), we com-
pute E, (r), H, (r) by locally decomposing E;(r) into two differently
polarized components

Ei(r) =B} (1) + Ef (1) @
with respect to the plane of incidence. We then have

E (1) = ys(DES (r) + 1 (DEF (1) (5)

In the context of plane wave reflection from flat surfaces, the electric field vector is
normal to the plane of incidence in the s polarization, whereas the magnetic field vector
is normal to the plane of incidence in the p polarization.
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Fig. 4. Barbules that we model as imperfect multilayer structures. (a) Cross
sections of rock dove, starling, bronzewing, and hummingbird barbules, from
TEM measurements [Freyer et al. 2021; Giraldo et al. 2018; Nakamura et al.
2008; Xiao et al. 2014]. Here and in Fig. 5, white, gray, and black colors refer
to air, keratin, and melanin, respectively. Even though rock dove and starling
barbules do not resemble multilayer stacks, their structural colors come
from the air-keratin-air and air-keratin-melanin layer arrangements at the
top of their structures. Scale bars: rock dove ~ 1.6um, starling ~ 1.5um,
bronzewing ~ 1.1pm, hummingbird ~ 0.4um. (b) We model closely packed
melanosomes (e.g. from starling, bronzewing) or air bubbles (e.g. from hum-
mingbird) in barbules as connected layers. (c) Our geometric approximations
reduce each barbule segment into a spatially varying multilayer structure,
and a local layer profile can be obtained at each point on the top surface.

and H, (r) can be derived from E,(r). E,, H, can then be applied in
Eq. 2 to compute current densities on barbules, which can in turn be
used to compute the scattered field and reflectance distribution of
the barbule. As shown in Section 6.1, our multilayer approximation
works well on simulating barbules, yielding reflection patterns very
similar to those from full-wave simulations.

ACM Trans. Graph., Vol. 43, No. 6, Article 276. Publication date: December 2024.
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ee

peacock periodic simulation domain

Fig. 5. Partial cross sections of mallard, magpie, and peacock barbules,
whose internal structures form approximate 2D photonic crystals [Freyer
and Stavenga 2020; Han et al. 2017; Stavenga et al. 2017]. Each type of barbule
can be characterized with an ideal, periodic structure, whose reflection
coefficients can be computed from FDTD simulations with periodic setup.
Scale bars: mallard ~ 170nm, magpie ~ 190nm, peacock ~ 160nm.

4.3 Photonic Crystal Structure: Barbule Types 5-7

We now discuss our technique to compute reflection from barbule
segments that contain approximate 2D photonic crystal structures.
These include our Type 5-Type 7 barbules, containing cylindrical
melanosomes and/or air channels that form hexagonal or rectangu-
lar grids, as shown in Fig. 5. Instead of the multilayer approximations
from the prior section, we approximate these barbules’ interiors
using idealized periodic structures, like the example in Fig. 5 (lower
right). Thus, these barbule structures are approximately periodic in
one dimension and maintain our assumed translational symmetry
along their longitudinal axes. We precompute the reflection coef-
ficients of each 2D photonic crystal at different wavelengths and
incident directions using FDTD simulations with periodic domains,
and then estimate the reflected fields from a barbule by assuming the
periodic structure is locally aligned with its surface at each point.

We use 2D FDTD in the MEEP software [Oskooi et al. 2010] to
simulate 2D photonic crystals. In each simulation with a wavelength
A and an incident direction w;, we define an incident plane wave and
use an FDTD simulation to solve for the reflected field in the whole
domain. As our photonic crystal structures have very short periods,
we can then characterize their reflection using scalar coefficients
that depend on A and w;, just as in the multilayer case.

In fact, the reflected field from a photonic crystal, along with
all other field quantities in the domain, satisfies a Bloch boundary
condition along the x direction:

Er(r+Axk) = e/DE (1) ke =% Kk (6)



w; = {cos 0; sin ¢;, sin 0;, cos 0; cos ¢; )

T~

Fig. 6. lllustration of our barbule coordinate system and angles 0; and ¢;
for an incident direction w;. Note in this example both angles are negative.
The y-axis is the barbule’s longitudinal axis, and the barbule top surface is
approximately parallel to the xy-plane.

where k; is the incident plane wave’s wavevector, and the same
constraint in Eq. 6 applies to the magnetic field. Expressing the
reflected field as a sum of plane waves, only those wavevectors that
satisfy Eq. 6 can occur; they are the diffraction modes of the crystal.

In our context, the approximate photonic crystal structures in
mallard, magpie, and peacock barbules have short periods, with
Ax < 200nm [Freyer and Stavenga 2020; Han et al. 2017; Stavenga
etal. 2017]—less than half of our minimum simulated wavelength. As
a result, only a single diffraction mode, corresponding to reflection
into the specular direction, is present (see supplemental document
for details). Since we know that the reflected field is a plane wave
propagating in the specular direction, we can easily compute the
reflection coefficient by evaluating the reflected field at a few points.

To fully characterize a photonic crystal structure, we build a
reflection coefficient table by running FDTD simulations with many
wavelengths and incident directions. For each pair of (4, w;), we
perform two simulations with s- and p- polarized incident plane
waves. Reflected fields are computed correspondingly, and reflection
coeflicients are derived and stored in our table. Many simulations
need to be run, while each simulation only takes a few seconds and
many simulations can run in parallel. With a precomputed reflection
coefficient table of an ideal crystal structure, we can compute the
reflected field on any barbule characterized by this type of photonic
crystal—using a similar method as in Section 4.2, with ys, y; replaced
by our tabulated reflection coefficients.

We have applied substantial approximations in our modeling of
crystal-type barbules, since in reality, the photonic crystal arrange-
ments are far from perfect. Nevertheless, our validations in Section
6.1 show that this method is sufficiently accurate when applied to
barbules with low surface roughness, which are exactly our targets.

4.4 Far Field Scattering

Given an incident field and a barbule segment, we use the method
in Section 4.2 or 4.3 to compute the reflected field from the barbule
along its top surface. We can then compute the surface currents us-
ing Eq. 2, and further apply Eq. 3 to compute the barbule’s scattered
field in the far field (i.e. at points very far from the barbule itself),
which determines its reflectance distribution.
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Thanks to the assumed translational symmetry, the barbule’s
reflectance distribution is a 1D function of the outgoing direction,
constrained in a “specular cone” corresponding to the incident direc-
tion w;. To quantify this specular cone, we describe w; in terms of a
longitudinal angle 6; and an azimuthal angle ¢;. In our framework,
each barbule’s longitudinal axis aligns with the y-axis, and 6; is
the angle formed by w; and the xz-plane, while ¢; is defined in the
xz-plane with respect to the z-axis, as shown in Fig. 6. The outgoing
direction w, can be described similarly. Thus, with w; ~ (0;, ¢;), the
barbule’s reflectance distribution is defined at outgoing directions
satisfying w, ~ (—6;, o), and varies as a function of ¢,.

To compute the reflectance distribution, we evaluate the barbule’s
scattered field on a semicircle with radius p. In the far field limit
where p is much larger than the barbule’s width, the dependence
of the scattered field on the radius p is known, and the field corre-
sponding to each outgoing azimuthal angle can be written as

Es(A wi; p, do) = e/ P\1/p - Es (A wis po) ()

where k = 27/A and és(/l, wi; Po) is a far field analog of the electric
field that is independent of p [Gibson 2021; Xia et al. 2020].

Importantly, the barbule’s reflection into w, ~ (—6;, ¢o) is associ-
ated with the scattered field intensity |és (A, wi; ¢o)|2. Moreover, as
derived in our supplemental document, the barbule’s total reflected
power per unit length is 2

/2
® (h o) = co cos 0; / JEsoizg0dgo ®)

where ¢ = 0.5 - \/eo/ o, and & and o are the permittivity and
permeability of air. Lastly, the incident power per unit length is
computed by integrating the irradiance over the 1D top surface:

®i(Loi) =~ [ |[E:i(r) x H:®)] - () |dr ©)
2Js

where n(r) is the local surface normal at the point r.

In Section 5, we will use the aforementioned quantities from our
2.5D simulations to derive BRDFs for rendering iridescent feathers.
We also note that while the computations are much more expensive,
our techniques for approximating the fictitious current densities on
barbule surfaces can also be applied to 3D barbule structures that
do not possess translational symmetry. These surface currents can
be used to compute the 3D barbules’ BRDFs—defined in the entire
hemisphere rather than a specular cone (see Section 6.2).

5 Iridescent Feather BRDF

Having discussed our 2.5D simulations for computing reflectance
functions of individual barbules, we now describe how we distill our
simulation results into appearance models for feathers containing
many iridescent barbules with structural variations. In Sections
5.1 and 5.2, we will introduce a smooth, microfacet-style BRDF fr
to describe the average reflection from a given type of barbule. In
Section 5.3, we will define our distribution of BRDF instances, r(n),
to model the variations among individual barbules.

2The “length” is with respect to the y-axis.
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5.1 Average Reflectance Distribution

To characterize the average reflection from a class of barbules, we
hope to derive a reflectance function fr that represents the mean
BRDF of the individual barbules in a given distribution. For this
purpose, we simulate a number of individual cross sections sampled
from a distribution, and based on the 1D reflectance distributions
discussed in Section 4.4, we derive an average BRDF fr(/l, Wi, Wo)
that is defined for any pair of directions in the upper hemisphere.

Specifically, for each wavelength A and incident direction w; ~
(0;, $i), we simulate a total of M barbules, and denote the far field
scattered field from the barbule instance m as és(m), The incident
power ®;(A, w;) does not vary appreciably across barbule instances
and is therefore considered constant for fixed A and w;. From these
quantities, we define U (A, w;; ¢o) in w;’s specular cone, representing
the mean scattering intensity distribution from all the barbules,
normalized by the incident power:

E™ (4, w1 60)|

M
U(A wisdo) = ;—Z Z:l | ®i (A, w;) w

where ¢y was defined in Eq. 8. For outgoing directions w, in w;’s
specular cone, we want f; to be approximately proportional to U:

FrA 01, 00) (2 o) « UL, wisdo)  for wo ~ (=05, o) (11)

This requirement on fr is in accordance with the BRDF formula-
tion in [Yan et al. 2018] and [Yu et al. 2023], where Z - w, represents
the foreshortening of the barbule as seen by a sensor along w,.

Moreover, to conserve the average total reflected power, we need

/2

/fr(/l,wi,a)o)(i-wo)dwo:cosei/ UM wis do)do (12)
H? —-/2

where Eq. 12 is derived from Eq. 8 and Eq. 10, as detailed in the
supplemental document.

In Section 5.2, we define f, such that it satisfies Eq. 11 and Eq.
12. We use an analytical, easy-to-sample formulation and make
fr (A, wi, wo) amicrofacet-style BRDF, modeling the mean reflectance
from single barbule segments in a distribution.

7/

5.2 A Microfacet-Style BRDF

We now define the mean reflectance function fr introduced in Sec-
tion 5.1. In our context, we construct fr()t, wij, We) independently
for each pair of incident parameters (A, w;), obtaining a microfacet-
style formulation through fitting to Trowbridge-Reitz (GGX) models.
We use a microfacet-like model because prior works showed that
microfacet theories can model some wave optics phenomena despite
their geometric optics origins [Dong et al. 2016], and empirically,
GGX functions fit well to our simulation data.

For each pair of (A, w;), we simulate M barbule instances and
compute their mean scattering distribution U (4, w;; ¢ ), using Eq.
10. With many barbule instances, U becomes a relatively smooth
function of ¢,. Then for the parameters (A, w;) where w; ~ (6;, $i),
we fit U (A, wj; o) to a GGX model, such that

U(A, @i; 9o) = 50 - g(Meft, 0i, Pefts Po) (13)

where meg = Mg (A, i) and Pefr = Per(A, ;) are model parameters
to be obtained from the fitting and sy is a temporary parameter.
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The function g(me, 0, Pefs, Po) has the form
_ D' (meg, X - 0p) G’ (Mefp, 2+ ) G’ (Mefr 2+ o)
4(2 . (’Jeff)

g()

2
meff
fr[miﬂC +(1- mgff)xz]2 (14)

2

where D’ (meg, x) =

G,(meffs Z) =
1+4/1+ mi

—Z
ff 22
where wefr ~ (05, Pefr), @o ~ (=0, $o), and 0y, = (Wefr+wo) / l|wesr+
wol|. Here, weg is an “effective” incident direction that depends on
the model parameter ¢, which we find necessary for accurate
fitting of U, especially when the barbules are curved.

Other than missing the Fresnel term and the cosine factor (- w,),
the fitted function g(meg, 0, efr, Po) is quite similar to a classic
GGX function [Walter et al. 2007]. The term D’ (meg, X - wp,) comes
from rewriting the classic GGX microfacet distribution function
D(m,n - wp) as a function of X - wy. The fitting can be done by
finding the parameters (s, Meff, Pefr) that minimize

D UM @5 @) = 50 - g(megs, O, fefss $o)] (15)
¢D
where sg > 0, meg € [0,1], g € [—7/2, 7/2], and the summa-

tion is over densely sampled ¢, values. | meg(A, ;) |is the effective

roughness parameter, and | (A, w;) | defines the effective incident

direction. As shown in the supplemental document, for nearly flat
barbules, we have ¢ ~ ¢; for all incident conditions, while for
curved barbules (e.g. rock dove, peacock), ¢ varies slightly differ-
ently. Finally, sy is not used as a model parameter and merely serves
to scale g to the proper magnitude, in order to optimize me, Peft-

Our GGX fitting determines the shape of fr in the specular cone
of w;, and we need to extend fr to the full hemisphere. We first note
that fr (A, wi, w1) and fr (A, wj, w2) should be highly correlated when
¥ - w1 =¥ - w2, as becomes clear after using the 3D version of our
simulation to directly compute full hemisphere BRDFs for a few 3D
barbules with approximate translational symmetry (see Section 6.2).
Thus, with Eq. 11, 13, and 14, we define our full BRDF as

D(meff’ o; wh)G(meff; Weffs wo)
4(2 - wef) (2 - @o)
where D(meg, 0; wp), the normal distribution function (NDF), is

Fr (A @i, ) = Fegp (16)

Meff, 0; ©Of) = Meff, X+ @ eIy il*/o?
D( W) =D’ X wp [y-wnl*/o (17

Here, o is a constant parameter that models the spread of the
BRDF along the y-axis. Currently, we manually choose o for each
type of barbule, and acknowledge that Eq. 16 and Eq. 17 only suggest
one possible method to define a full hemisphere BRDF.

Moreover, the shadowing-masking term is given by

G(Meff; Weffs Wo) = G,(meff» zZ- weff)Gl(meff’ 2+ wo) (18)

and models the self-occlusion within individual barbule instances.
Lastly, Fog in Eq. 16 is chosen to ensure that f; satisfies Eq. 12.

Formally written as | Fegr(A, w;) |, this model parameter is an analog
to the Fresnel factor in a classic microfacet BRDF, and its dependence

on wavelength and angle is the key to modeling iridescence.



(a) Simulated reflection patterns: 6; = 0°, ¢p; = 0°
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Simulated reflection patterns: 8; = 0°, ¢; = —45°
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Fig. 7. Demonstration of BRDF instances. (a) Reflection patterns obtained from simulating five procedurally generated red bronzewing barbules, shown for
two incident directions in their respective specular cones. (b) Reflection patterns from one bronzewing barbule, shown for nine incident directions. The color
patterns are visualized in each w;’s specular cone, and when |0;] is large, different ¢,’s correspond to scattering directions that are close by in the hemisphere,
making the reflection patterns appear "stretched out" Still, one can observe that as w; changes, the overall reflection pattern is mostly preserved. (c) Some
synthesized BRDF instances. As in (a), for each BRDF instance, there is a clear correspondence between the reflection patterns at the two incident directions.

5.3 A Distribution of BRDFs

So far we have fitted an analytical BDRF fr to model the average
reflection from barbules coming from a distribution of slightly dif-
ferent structures. fr could be directly used to render birds from
a large distance where no irregularity across a feather is visible,
but for closer views it would result in an unrealistically uniform
appearance, with all the barbules reflecting in the same way. Thus,
we need an efficient process to statistically model the variations in
color and brightness from barbule to barbule, which are important
to the overall feather appearance. We achieve this by synthesizing a
distribution of BRDFs based on fr where the BRDF instances f,. (n)
preserve important statistics of the simulated BRDFs.

Fig. 7(a) shows the reflection patterns from a few simulated bar-
bules, which are overall similar but entirely different in details. We
find that just like BRDFs of random rough surfaces, these barbule
BRDFs statistically resemble partially developed optical speckle
[Goodman 2007]. This means that for a distribution of barbules,
under each incident condition described by (A, w;), in the far field
the barbules’ scattered field values at each w, roughly follow a

Gaussian distribution [Steinberg and Yan 2022; Xia et al. 2023]. For
one barbule, its BRDF value at each (4, wj, wo) is produced from
the squared magnitude of its scattered field at this point. Thus, the
variations in BRDF instances corresponding to different barbules
are dictated by the mean and standard deviation of these barbules’

scattered field values. We therefore construct fr(n) using the single-
point statistics in the simulated barbules’ scattered fields, while
obeying the constraint that these BRDF instances average to fr

In addition, it is crucial to quantify the correlations in the reflec-
tion from the same barbule at different wavelengths and directions.
For instance, each color pattern in Fig. 7(a) demonstrates the corre-
lations in one barbule’s scattering into different outgoing directions.
Moreover, Fig. 7(b) visualizes one barbule’s reflection patterns cor-
responding to a few w;’s. The nine subplots indicate that despite the
shifting, stretching 3 and color changes, for the same barbule, the
details (e.g. fringes) in the simulated reflection patterns are mostly

3When |0;| becomes large and approaches /2, w;’s specular cone “shrinks” and
different values of ¢, correspond to scattering directions that are close by in the upper
hemisphere. This is why the reflection patterns at 8; = 60° look a bit stretched out.

ACM Trans. Graph., Vol. 43, No. 6, Article 276. Publication date: December 2024.



276:10 « Yunchen Yu, Andrea Weidlich, Bruce Walter, Eugene d’Eon, and Steve Marschner

preserved as they vary with the incident direction. These behaviors
of the simulated BRDFs should be reproduced in synthesized BRDFs.
More exactly, each synthesized fr(") must maintain the correct two-
point statistics with respect to different wavelengths and directions,
thereby resembling a plausible BRDF that describes a barbule.

As our full pipeline for synthesizing a distribution of BRDFs is
complicated, we leave it in the supplemental document and only
include the important notations and formulations here. To start
with, the aforementioned Gaussian distributions underlying the
scattered field values from the barbules allow us to construct each
BRDF value in fr(n as the sum of squares of two Gaussian variables:

£ (L 0pw0) = [F™ (4 01, 00)]% + [i (Lo o) (19)

where r(?)_i(n) originate from the real and imaginary parts of the
scattered field values. To estimate the mean and standard devia-
tion of these Gaussian variables, we rely on a statistics function
s(A, wi, wo), which measures the variation in the barbules’ scattered
field values at each point. Like fr s(A, wi, wo) is obtained from the
simulation data and fitted to a microfacet-like model:

D(msta, 0; 0p)G(Msta; Wsta, ©o)

4(Z - wsta) (2 + o)
where the model parameters ‘ Mgta (A, @;) |, | Psta (A, wi) ‘ (defining

wsta), and | Fgta (A, w;) |are computed in the same way as the analo-

gous model parameters in Section 5.2. At each (4, wj, wo), s is smaller
than or equal to f; (see supplemental document), and small values
of s indicate high variations in the barbules’ scattered field values.

(4, wi, o) = Fsta (20)

More specifically, with fr and s, the mean and standard deviation of
r(M and i) at each (A, w;, wo) are chosen as

/—’r=‘/§§ i =0; O'rzo'iz\/fr_s (21)

Apart from the single-point statistics, within each BRDF instance,
we also need a formulation for modeling the correlations between
BRDF values at different wavelengths and directions. Furthermore,
we hope to synthesize a large number of BRDF instances efficiently,
through a random process. These considerations motivate us to
invent a noise process, which generates 1D noise functions g that
we use for synthesizing random BRDF instances. Our complete
model for a BRDF instance is given by

£ (4, 01 00) = [0r(h 01 00) - 4™ (x) + pir (A, 03, 00)]2
+oi(h wi o) - ¢\ (x) + 1 (A, 3, o) ]2
(n) (n)

where ¢, ’ and g; are two noise functions generated by our 1D
noise process. These noise functions satisfy

Elq") (x)] = 0;

Moreover, the quantity x = x(4, w;, wo) is given by

(22)

varlg,} ()] = 1 (23)

X-wi+X-w
x(A wi, wo) = W (29)
) 13

where the model parameter| I(A, w;) |modulates the autocorrelation

in fr(") (A, wi, wo) with respect to the outgoing direction. The param-
eter [ and the noise function generation process are fundamentally
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related to the autocorrelation functions of the simulated barbules’
scattered fields, as detailed in the supplemental document.

Fig.7(c) contains a few synthesized BRDF instances, visualized for
two incident directions in their respective specular cones. We note
the similarities between the simulated and synthesized BRDFs, as
in Fig.7(a) and Fig.7(c). We further demonstrate synthesized BRDF
instances for multiple types of barbules in Section 6.2.

5.4 Summarizing the BRDF

In previous sections, we discussed our pipeline for distilling our sim-
ulation data into iridescent feather BRDFs—from computing an av-
erage, full hemisphere BRDF fr, through estimating the single-point
statistics in BRDFs of the simulated barbules, to ultimately synthe-

sizing a distribution of BRDF instances f,(n) using a noise generation
process. We defined 7 BRDF parameters—megt, Peff, Feff, Msta, Psta, Fsta,
and [—associated with the average barbule reflectance as well as
the single-point and two-point statistics in the BRDFs of individual
barbules. These parameters are computed and stored for each wave-
length A and incident direction w;. The noise function generation
process mentioned in Section 5.3 is fast, with its critical step accel-
erated using the inverse fast Fourier transform (IFFT). The 1D noise
(") take up very little storage, so we precompute a large
r,i

collection of noise functions to use for rendering.

In Section 6, we demonstrate our smooth average BRDF and syn-
thesized BRDF instances for all types of barbules discussed in this
work. These BRDFs constructed from 2.5D simulations are further
compared to BRDFs directly computed from expensive 3D simula-
tions on 3D barbules. In Section 7, we present our implementation
details on BRDF evaluation and importance sampling.

functions q

6 Results and Validation

In this section, we validate our 2.5D approximate wave simulations
against full-wave simulations, and present BRDFs of various types
of barbules computed using our methods.

6.1 Validations for Barbule Simulations

We demonstrate that our wave simulation method discussed in
Section 4 is sufficiently accurate, by validating our simulation results
against full-wave BEM simulations. Our BEM simulator generalizes
the versions in previous works [Xia et al. 2020; Yu et al. 2023],
in that it can simulate objects with arbitrary internal structures.
Important mathematical principles behind the full-wave simulations
are included in our supplemental document.

We first validate our simulation plug-in from Section 4.2, which
applies to our imperfect multilayer barbules. We use a hummingbird
barbule as our simulation target, as hummingbird barbules contain
the most complicated layer structures (see Fig. 4). As shown in Fig. 8,
we feature two incident directions, w1 ~ (0°,0°) and wy ~ (0°, —30°),
and simulate the barbule in three different ways:

e Full-wave simulations on the unsimplified barbule, where the
melanosomes and air bubbles are precisely modeled

o Full-wave simulations on the simplified barbule, where we
combine small air bubbles into layers

e Approximate simulations on the simplified barbule, using the
technique in Section 4.2



Hummingbird, normal incidence

Full sim, exact geom

Full sim, reduced geom

Fast sim, reduced geom
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Fig. 8. A three-way comparison of different simulation methods on an “imperfect multilayer” barbule, featuring a pink hummingbird barbule. For each incident

direction, we visualize the barbule’s reflection patterns in the specular cone. Featuring A = 400nm, we also compare the barbule’s reflectance distributions from
the full-wave, exact-geometry and the approximate wave optics, reduced geometry simulations—comparing our practical method to the most accurate setup.
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Fig. 9. A two-way comparison of different simulation methods on a blue mallard barbule that contains approximate photonic crystal structures. While our

FDTD-based simulations rely on modeling ideal, periodic structures and only explicitly model each barbule’s top surface, our comparisons show that these
simulations can in general accurately predict the scattering from photonic crystal type barbules.

The reflection patterns from the three types of simulations, shown
in the specular cones with respect to w1, w2, all appear very similar.
Comparing the full-wave simulation results on the full and reduced
barbule models shows that our geometric approximations have
very little effect on barbule scattering, and comparing the full-wave

and approximate simulation results shows that our fast simulation
method is highly accurate, except that it seems to underestimate the
reflected intensities along some directions for some wavelengths.
We next validate our simulation plug-in from Section 4.3, which
applies to barbules with approximate photonic crystal structures. We
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feature a mallard wing feather barbule, characterized by melanosomes
arranged in a hexagonal grid. We feature two incident directions
and simulate the mallard barbule in two ways:

e Full-wave simulations on the full barbule, where melanosomes
are individually modeled. These melanosomes have fluctuat-
ing diameters and are arranged in a quasi-regular grid

e Reduced simulations in Section 4.3, based on FDTD precom-
putations. Only the barbule top surface is explicitly modeled

Despite our substantial approximations, our fast simulations work
surprisingly well on the mallard barbule, as shown in Fig. 9. Our
supplemental document contains results from more incident con-
ditions, including a case with more significant mismatch between
the full-wave and reduced simulation results. Still, our approximate
simulations, which are 400-1000 times faster, generally work well
on barbules with moderately rough top surfaces. This suggests that
ideal photonic crystals are very representative of fully modeled
barbules, even when the actual melanosomes are not constant-sized
and the underlying grids are not perfectly regular.

6.2 Demonstrations of BRDFs

We now present BRDFs generated using our pipeline discussed in
Section 5 and compare them to BRDFs computed from simulating
3D barbules with no translational symmetry assumed.

For each type of iridescent feather considered in our work, we
procedurally generated 50 barbule cross sections (see our supple-
mental document and code for geometric models, barbule sizes, etc.)
and performed 2.5D simulations on these barbules. We further com-
puted BRDF model parameters for each type of barbule, which allow
us to evaluate the average BRDFs and synthesized BRDF instances.
The first row of Fig. 10 shows the analytical, smooth BRDF fr and a

synthesized BRDF instance ﬁ(n) for a rock dove barbule, featuring
three incident directions. The colored BRDFs are shown in the form
of “projected hemisphere plots”—each point in the plots corresponds
to an outgoing direction in the projected upper hemisphere. We can
see that the overall reflected color from the barbule changes with
the incident direction, and in each plot, the BRDF instance appears
1D-like, with angular variations along one direction.

To assess the impact of our translational symmetry assumption
on BRDFs and renderings, we also developed 3D geometric mod-
els for barbules and simulated them using the 3D version of our
techniques in Section 4. Specifically, starling, bronzewing, mallard,
magpie, and peacock barbules have long, cylindrical interior struc-
tures (melanosomes and air channels), so our 3D models of these
barbules still possess approximate, but not perfect, translational
symmetry. Rock dove and hummingbird barbules contain spherical
granules and pancaked-shaped melanosomes, respectively, and we
incorporated these features in their 3D models. The second row of
Fig. 10 presents BRDFs of 3D rock dove barbules, showing a rela-
tively smooth BRDF (simply averaged across 50 simulated barbules,
since we do not have an analytical fitting pipeline for 3D BRDFs)
and an individual, simulated instance. The smooth BRDFs are very
similar to their counterparts from 2.5D simulations, but the 3D BRDF
instance plots contain speckle-like features outside of the specular
reflection lobes, revealing some differences between 2.5D and 3D
BRDFs. However, the specular reflection lobes themselves, in BRDFs
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of our simplified and full 3D barbules, are still qualitatively similar,
as barbules indeed have more structural variations in their cross
sections than along their longitudinal axes [Nakamura et al. 2008].

BRDFs are presented for other types of barbules in the same for-
mat, as shown in the composite hemisphere plots that compare
2.5D and 3D BRDFs, in the rest of Fig. 10 (larger, full images are
in the supplemental document). Overall, the unique features in 3D
BRDFs are not dominant, especially for barbules that well satisfy the
translational symmetry assumption. This suggests that 2.5D simu-
lations are sufficient for deriving BRDFs for realistically rendering
iridescent feathers, as we will further show in Section 7.

7 Rendering

In this section, we discuss our implementation of the iridescent
feather BRDFs in a modern path tracer (Mitsuba3, scalar_spectral
variant), and present feather renderings at multiple scales. Render-
ing an iridescent feather starts with constructing a distribution of
BRDFs for modeling all the barbules in the scene. This distribution
of BRDFs is constructed from 2.5D simulation data and represented
with seven BRDF parameters and a large collection of pregenerated
noise functions. At render time, each barbule primitive or barb seg-
ment is assigned a BRDF instance, whose BRDF values depend on
relevant model parameters and a unique pair of noise functions in
our pool. This way, the reflection from each barbule is modeled by
some BRDF instance, and multiple scattering among the barbules is
handled by the path tracer, through geometric light transport.

7.1 Working with BRDF Parameters

For each type of barbule, our BRDF model parameters—megs, e,
Feff, Msta, Psta, Fsta, and [—are functions of the simulated wavelength
A and incident direction w;. We find that with a fixed A, our model
parameters vary smoothly with w; ~ (0;, ;) and can be considered
smooth 2D functions of cos 6; and cos ¢;.

In our framework, we perform wave simulations at 50 discrete
wavelength samples between 400nm and 700nm, and for each wave-
length, we consider a collection of 20 X 20 = 400 incident directions,
given by (cos ;, cos ¢;) = (0.05a,0.05b), for a,b = 1,2, ..., 20. From
simulation results, we use our pipeline in Section 5 (and the supple-
mental material) to compute the seven BRDF parameters at each A
and w;. These parameter values are also extrapolated to cover exact
grazing angles, where cos ; or cos ¢; evaluates to 0.

Upon tabulating our BRDF parameters (< 5MB in total for each
type of barbule), at render time, we can estimate the parameter
values corresponding to an arbitrary wavelength and incident di-
rection on the fly. Specifically, in spectral rendering each ray is
associated with a given wavelength, and we cast this wavelength to
the nearest simulated wavelength sample A,. Then given a queried
direction w, ~ (6n, ¢n), we perform bicubic interpolation on the
parameter values at A, and estimate meg, Pefr, Feff, Msta, Psta, Fstas
and [ at (cos 6, cos ¢,). Note that this approach implies that our
BRDF parameters are even functions of §; and ¢;, a design choice
that reduces the number of required wave simulations.

After estimating the BRDF parameters at queried wavelengths
and incident directions, we can importance sample and evaluate our
BRDFs, which we discuss in the next section.
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Fig. 10. 2.5D and 3D BRDFs for seven types of barbules, shown as hemisphere plots, featuring incident directions (0;, ¢;) ~ (0°,0°), (0°, —45°), (45°,0°).
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Rendering

Photograph

barbule
nanostructure

~ 20° incidence

~ 35° incidence

~ 45° incidence ~ 60° incidence

Fig. 11. A European starling feather, rendered (top) and photographed (bottom) at four directions. The feather exhibits weak iridescence and the perceived
colors shift from green to violet with increasing illumination and viewing angles. The barbule TEM is adopted from [Freyer et al. 2021]. Scale bar: ~ 4.0mm.

Rendering

barbule
nanostructure

~ 20° incidence

~ 35° incidence

~ 60° incidence

~ 45° incidence

Fig. 12. An Anna’s hummingbird feather, rendered (top) and photographed (bottom) at four directions. Hummingbird feather barbules are tilted away from the
feather plane by approximately 20° [Giraldo et al. 2018], and the labeled incident angles are with respect to the barbules. The feather exhibits bright structural
colors, ranging from pink to yellow when illuminated and viewed from different angles. The TEM is adopted from [Giraldo et al. 2018]. Scale bar: ~ 1.5mm.

7.2 BRDF Importance Sampling and Evaluation

Since our synthesized BRDF instances can be drastically different
in their details, we perform BRDF importance sampling according
to the average BRDF. That is, given a wavelength A and an incident
direction w;, we importance sample an outgoing direction w, ac-
cording to fr(A, wj; Wo ). This requires us to estimate meg(A, w;) and
pick a o value, which together determine the NDF associated with
fr(/l, j;Wo), given in Eq. 17. As for a classic microfacet BRDF, we
first sample a half vector wy, according to D(me, o wp,).
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For convenience, given each pair of (meg, o), we use a prebuilt
sampling table to select wy, based on D(meg, 0; wp). In practice, in
our framework ¢ is manually chosen for each type of barbule and
only takes on a few possible values. With meg constrained between
0 and 1, we precompute sampling tables for a finite collection of
(meg, 0) pairs. Our sampling tables take up less than 1GB combined,
and the same tables are used for sampling the BRDFs for all types of
barbules. Once we sample a half vector wj, according to the NDF, we
can determine w, from wy, and weg, which depends on the estimated
parameter ¢eg, as introduced in Section 5.2.
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~ 30° incidence

~ 60° incidence

Fig. 13. A mallard wing feather, rendered (top) and photographed (bottom) at four directions. The feather color changes from blue to purple and eventually
becomes desaturated as the incident and viewing angles increase. The barbule TEM is adopted from [Stavenga et al. 2017]. Scale bar: ~ 25.0mm.

BRDF evaluation relies on the estimated BRDF parameters as
well as our precomputed noise functions. When shading a specific

barbule, we determine which BRDF instance fr(n) it is mapped to
and access the associated pair of noise functions qfn), qgn). We eval-

uate fr(n) at each (A, w;, wo) according to Eq. 22—after computing
the single-point statistics y, or, pj, 0; using Eq. 16, 20, and 21 and
determining the noise function values from qﬁ"), qgn) and Eq. 24.

Lastly, we supplied a diffuse BTDF component to our feather
BSDF, and the transmission lobe is chosen small enough such that
the BSDF does not violate energy conservation. Accurately comput-
ing the transmission through barbules is left for future work.

7.3 Single Feathers

We first present our renderings of single feathers. Feather models
were made in Houdini 20 and exported as USD files before imported
into Mitsuba3. Unlike previous works, barbules are explicitly mod-
eled (as polygon strips) in scenes featuring single feathers. When
rendering each barbule, we compute a local shading frame such
that the t-vector aligns with the barbule’s longitudinal axis and the
n-vector aligns with the barbule’s average surface normal. Each bar-
bule is associated with a “barbule ID” that maps to a BRDF instance.

As shown in Fig. 11, 12, and 13, we render single feathers of the
European starling, Anna’s hummingbird, and the common mallard,
and compare with captured images. Feathers of these birds were
obtained from museums and photographed in our laboratory under
controlled viewing and lighting conditions. The single feather im-
ages were captured using a Canon EOS M6 Mark II camera with a
100mm macro lens, placed on a tripod manually positioned from 15

to 80cm away, depending on the feather size. The light source was
a 2cm diameter circular LED mounted on a robotic arm 60cm away.
At small incident angles, the iridescent feathers exhibit their
most often perceived colors—weak green, bright pink, and blue.
The feather colors gradually blue-shift as the incident and viewing
angles increase, and the feathers also appear significantly brighter
when illuminated and viewed at larger angles, sometimes exhibiting
less saturated colors, as shown in both our renderings and refer-
ence images. In all our renderings (also see Fig. 1), we were able to
reproduce the spatially varying, glittery appearance on feathers.

7.4 Large Feather Assemblies

We also demonstrate larger scenes that contain assemblies of feath-
ers. To save memory, we remove the non-iridescent plumes from the
feathers when grooming, and only model the feather down to the
barb level. When rendering each barb, we assume that each point on
the barb is associated with a barbule, which tilts away from the barb
by some angle. Our local shading frame is then computed according
to the barb’s normal and the orientation of the underlying barbule,
as in [Huang et al. 2022]. Our rock dove scene and mallard head
scene consists of 800 and 2200 feathers, respectively, mounting to
a total of over 100K barbs per scene. Nevertheless, our rendering
time was relatively short, as reported in Table 3.

Fig. 14 presents some renderings of the green and purple rock
dove neck feathers. Our scene contains a large number of feathers
arranged on the surface of a cylinder to approximate the shape of the
neck, and our reference images were captured from an intact rock
dove specimen. We were not able to bring the bird specimens back
to our laboratory, so they were photographed during museum visits

ACM Trans. Graph., Vol. 43, No. 6, Article 276. Publication date: December 2024.
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barbule
nanostructure

~ 18° incidence

~ 0° incidence

~ 35° incidence ~ 50° incidence ~ 60° incidence

Fig. 14. Rock dove neck feathers, rendered (top) and photographed (bottom) at five directions that give rise to a range of colors. The green and purple colors
on the feather come from keratin thin films of different thicknesses. The barbule TEM is adopted from [Nakamura et al. 2008].

Huang et. al.
BRDF

Our BRDF

Fig. 15. We compare our rock dove BRDF to those in [Huang et al. 2022].
We use the same visualization scheme as in [Huang et al. 2022], where the
white circles indicate viewing angles of 7°, 30°, and 60°. We use an incident
angle of 55° for the first configuration and normal incidence for the second.

Table 3. Rendering time corresponding to each presented scene, on a Mac-
Book Pro with Apple M1 chip. For scenes rendered from multiple perspec-
tives, the reported rendering time is averaged across the perspectives.

Scene Resolution | Time
Fig. 1 (bronzewing) 1800 X 2400 | 7.04m
Fig. 1 (mallard) 1200 X 2700 | 2.72m
Fig. 1 (magpie) 800 X 2400 | 1.60m

Fig. 1 (starling) 2400 X 1600 | 2.73m
Fig. 11 (starling) 1800 X 1200 | 1.37m
Fig. 12 (hummingbird) | 1200 x 1200 | 1.47m
Fig. 13 (mallard wing) | 2400 x 800 | 1.56m
Fig. 14 (rock dove) 1600 X 1600 | 11.68m
Fig. 16 (mallard) 2000 X 1500 | 13.83m
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using an iPhone 13 mini. We captured images for a range of viewing
and lighting directions but the conditions were less controlled.
The five configurations we present correspond to a range of
feather colors that can be observed from the rock dove, and our
renderings exhibit color transitions similar to those found in ref-
erence photos. Moreover, we compare our smooth mean BRDF fr
for green colored rock dove barbules to the results in [Huang et al.
2022]. We evaluate fr for two incident directions that roughly match
the incident directions used in [Huang et al. 2022], and generate
hemisphere plots to visualize the BRDFs. As shown in Fig. 15, our
fr highly resembles the rock dove BRDF from the previous work.
We also rendered some green head feathers from the common
mallard, as shown in Fig. 16. Mallard feathers are arranged on the
surface of an ellipsoid and the reference images were similarly
captured from a bird specimen. At small angles, the rendered feather
colors mostly agree with those in captured images, while at our
largest angle of around 45°, our rendering and reference image
exhibit different shades of blue. This difference is most likely due to
the discrepancy between the nanostructures we adopted [Stavenga
et al. 2017] and the actual barbule nanostructures in the specimen.
Color differences between rendered and captured images are also
present for hummingbird, mallard wing and rock dove feathers. In
each case, differences between modeled and real nanostructures
could account for some discrepancies, though it is difficult to mea-
sure and estimate nanoscale parameters that describe the barbules
in each feather sample. The lighting in the renderings and photos
may also cause some differences, especially for the rock dove and
mallard head scenes, where we had less control over the lighting in
the photos. Moreover, the distributions of dark and colored areas on
some single feathers are different in rendered and captured images.
We believe that the dark areas (e.g. in Fig 12 and 13) are mostly
attributed to barbule normals facing varying directions and/or oc-
clusion of some barbules by others, and carefully tuning the feather
geometry may lead to better match between renderings and photos.
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~ 35° incidence ~ 45° incidence

Fig. 16. Mallard head feathers, rendered (top) and photographed (bottom) at four directions that give rise to a color shift from green to blue. The barbule TEM
from [Stavenga et al. 2017] is the same one as in Fig. 13 for illustration purposes, while the lattice spacing is larger in head barbules.

8 Conclusion and Future Work

We explored an application where the wave nature of light plays
a crucial role in appearance, creating dramatic and beautiful iri-
descence in birds. We showed how simplified—yet accurate—wave
simulations can answer questions not only about how reflectance
arises from structures but also about how fine-scale variations in
reflectance arise from irregularities on structures. For many natural
objects, modeling irregularities is as important to realism as model-
ing the average reflection. Our method also has some limitations,
which may nevertheless inspire exciting future works.

Limitations. One limitation in our method is that our models are
fundamentally based on 2D calculations. Even though our compar-
isons with 3D simulation results show that 2D calculations seem to
be sufficient for modeling barbules, the assumption of translational
symmetry makes it difficult to apply our method to more compli-
cated structures. Our simulations are easy to implement in 3D but
are expensive, even with GPU accelerations. Also, our method for
extending BRDFs from specular cones to the entire hemisphere re-
lies on simple Gaussian functions and manual choice of Gaussian
standard deviations, which could be improved in the future.

Moreover, our parameterized BRDFs rely on analytical fitting,
and our fitted formulas are limited to single-lobe GGX models. As
a result, our method only works well for objects with nearly flat
or mildly curved top surfaces, and iridescent objects with more
particular structures may require different BRDF models. As an
example, the breast feather barbules in a bird of paradise (Lawes’
parotia) have unique, boomerang-shaped cross sections [Stavenga
et al. 2011] and may need to be described by multi-lobe BRDFs.

Some other limitations lie within our wave simulation method.
For one, our simulations rely on pointwise approximation of the
reflected field from the simulated object and assumes single reflec-
tion from each point on the object surface. This means that multiple
reflections, bouncing off different regions on the object surface,
are not modeled by our simulations. Such multiple reflections may

rarely occur on natural objects, but could be important to model if
we were to apply our method on artificial materials. For another,
our simulations are based on leveraging analytic solutions for ideal
structures and therefore might become less accurate when applied
to objects with less organized structures than barbules, such as
structures in fish, cephalopods, or certain plants (e.g. pollia conden-
sata). Lastly, our simulations currently do not support accurately
computing transmission through the barbules.

Future Directions. In the future, we hope to improve and fur-
ther optimize our wave simulations, and develop more generalized
pipelines for converting simulation data into expressive BRDFs. We
are also excited to explore ways to develop artist-friendly tools
based on our appearance models. For instance, we can precompute a
library of BRDF parameters and noise functions for feathers of differ-
ent overall colors and color changing behaviors. These pregenerated
data, combined with an interface for tweaking parameters and con-
trolling spatial variations, can enable artists to render iridescent
feathers with desired appearance.

We look forward to the future stages of our work and hope to push
toward synthesizing aesthetic images using our appearance models.
As always, we will strive to discover and study more applications
of wave optics in realistic appearance modeling.
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