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Figure 1: A rendering of the wing of an Amazon parrot. Left: Bird model with a baked texture from a reference photograph of an Amazon
parrot. Notice how the baked texture looks flat. Center: A surface-based rendering of the wing feathers, using a hair model [MJC*03]
for representing the scattering from the microscopic structures of the wing, similar to previous approaches [HG19, BDSP22]. Right: The
same scene with feathers rendered using our model accounting for accurate masking and complex medulla using our BCSDF. Our far-field
reflectance model represents more accurately the feather substructures and coloration mechanisms, given a closer appearance match with
the baked texture overall appearance, including features such as the diffuse look of feathers, and the subtle goniochromatism due to visibility
changes between barbs and barbules.

Abstract

The appearance of a real-world feather results from the complex interaction of light with its multi-scale biological structure,
including the central shaft, branching barbs, and interlocking barbules on those barbs. In this work, we propose a practical
surface-based appearance model for feathers. We represent the far-field appearance of feathers using a BSDF that implicitly
represents the light scattering from the main biological structures of a feather, such as the shaft, barb and barbules. Our model
accounts for the particular characteristics of feather barbs such as the non-cylindrical cross-sections and the scattering media
via a numerically-based BCSDF. To model the relative visibility between barbs and barbules, we derive a masking term for the
differential projected areas of the different components of the feather’s microgeometry, which allows us to analytically compute
the masking between barbs and barbules. As opposed to previous works, our model uses a lightweight representation of the
geometry based on a 2D texture, and does not require explicitly representing the barbs as curves. We show the flexibility and
potential of our appearance model approach to represent the most important visual features of several pennaceous feathers.

CCS Concepts
¢ Computing methodologies — Reflectance Modeling;

1. Introduction flying, but also allow birds to control their body temperature, cam-
ouflage, and they are fundamental for communication in mating,

Feathers are the distinctive characteristic from birds, and are unique ’ .
aggression and dominance [HMO06a].

structures not shared with any other animal. They are crucial for
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The appearance of feathers is varied and rich, different among
species, and is partially explained by the geometrical complexity
of their structure at several levels: Each feather is composed of a
central shaft, called the rachis, with its base (the calamus) is in-
serted to the skin. Serial fiber-like branches (barbs) emerge from
both sides of the rachis. A second level of branching emerges from
the barbs (the barbules), which in pennaceous feathers become at-
tached to adjacent barbs, forming a flattened surface (the vane). De-
pending on the structure formed by barbules, feathers can have both
pennaceous and plumulaceous sections. When barbules are inter-
locked to adjacent barbs, they create a tense and semi-rigid surface,
characteristic of pennaceous areas. When barbules are loose, they
form a fluffy, irregular volume typical of plumulaceous sections.
Each of the barbs and barbules components possesses a scattering
microstructure and nanostructure that greatly affects appearance:
Different pigments (carotenoids and melanin) produce coloration
through spectral absorption, while barbs have a multilayered struc-
ture with an inner scattering medulla which in some species have
a quasi-ordered nanoscopic structure producing diffuse structural
coloration. Photonic glass-like special nanostructures (e.g., grids
of melanin rods) are responsible for the spectacular iridescent pat-
terns in feathers of birds such as the peacock or the bird of par-
adise. It is only the aggregated behavior of light-matter interactions
at these scales that produce the complex appearance of feathers.
Beyond direct applications for traditional computer graphics appli-
cations, the appearance of feathers has also been studied for or-
nithology [HMO06a], paleontology for color reconstruction of ex-
tinct dinosaur feathers [ZKO*10], or fabrication of new biomimetic
materials [FWLQ23].

Compared to other biological appearances such as skin [Sta0l,
DWd*08,IGAJG15], hair [MJC*03] or fur [YTJR15], rendering of
feathers, and in particular of pennaceous feathers, is a relatively un-
explored area in computer graphics, with some notable exceptions
that either oversimplify the appearance [Str03], bake it in a Bidirec-
tional Texture Function (BTF) [CXGS02], focus on specific bird
species [HMC*22], or use expensive curve-based representations
for the barbs with simplified fiber scattering functions [BDSP22].
While modeling the barbs as curves [HMC*22, BDSP22] is flex-
ible, allows for a very fine-detailed representation of the feathers,
and explicitly accounts for geometric effects such as visibility, it
might become very expensive when representing many feathers,
quickly becoming impractical in most applications.

In this work we propose a far-field surface-based appearance
model for pennaceous feathers, that encodes the geometric com-
plexity of the feather by using lightweight textures, and that it
is able to correctly predict the geometric attenuation that so far
could only be modeled with explicit curve-based feathers. At the
core of our model is a new Bidirectional Scattering Distribution
Function (BSDF) that accounts for the scattering of barbs and bar-
bules stochastically, based on their density and orientation, as well
as their relative visibility. Inspired by previous works [dFH" 11,
HMC*22, BDSP22], we model the individual scattering of both
barbs and barbules using a fiber-based Bidirectional Curve Scat-
tering Distribution Function (BCSDF). However, as opposed to
these previous works, our BCSDF accounts for the ellipticity of the
fibers and the effect of the internal non-centered scattering medulla,

which are crucial for the appearance of most feathers, specially
bright colored feathers.

We demonstrate our work representing a wide baseline of feather
appearances, including pure white feathers, blue feathers due to dif-
fuse structural coloration, or feathers with color resulting from hy-
brid coloration. None of these can be represented with previous
models. In particular, our contributions are:

e A flexible BSDF that models the far-field appearance of non-
iridescent pennaceous feathers,

e an elliptical BCSDF that generalizes previous curve scattering
models by accounting for both elliptical cross-section and the
presence of a non-centered scattering medulla,

e and an analytic masking term that combines the relative contri-
bution between barbs, barbules, and transparency based on their
differential projected areas.

Our source code, scenes and additional examples are avail-
able at the project website https://graphics.unizar.es/
projects/FeathersAppearance_2024/.

2. Related Work

Feather appearance The modeling of the appearance of feathers
remains a relatively unexplored area of research. Most of previ-
ous works focus on the modeling of the geometry of the feather,
defining parametrical models that simulate the geometrical struc-
ture of each feather. Rachis and barbs have been modeled using
NURBS and structured in feathers using L-Systems [CXGS02],
and Bezier curves both for the structure of feathers and for indi-
vidual barbs [CXGSO02, Str03]. Data-driven approaches based on
images of real feathers have been able to model not only rachis
and barbs but also barbules [BP19, BP21a]. Lately, a generative al-
gorithm based on the biological growth of feathers has been able
to model realistic feathers with three-dimensional features [ZK20].
These works are orthogonal to our work, and could be used for gen-
erating our surface-based representation described in Section 6.2.

Regarding appearance modeling, Chen et al. [CXGS02] pro-
posed to use data-driven appearance based on BTFs, which
require capturing the feather and has limited angular resolu-
tion. Haapaoja and Genzwiirker [HG19] and Leaning and Fag-
nou [LF10] modeled the scattering from barbs using a hair
BCSDF [MJC*03], but ignored the scattering from barbules. Har-
vey and colleagues [HBM13] proposed a data-driven model for the
African Emerald Cuckoo, based on measured data and expensive
wave simulations. Closest to our work, Huang et al. [HMC*22]
and Baron et al. [BDSP22] accounted for the scattering of both
barbs and barbules, with the former modeled statistically. In par-
ticular, Huang and colleagues [HMC*22] focused on the iridescent
appearance of plumaceous rock dove neck feathers, proposing a
BSDF for explicit barbs that simulates barbule scattering using a
microfacet-like model with thin-film iridescence, while accounting
for inter-barbule masking. In contrast, our work focuses on gen-
eral non-iridescent pennaceous feathers. Baron et al. [BDSP22]
focus on general feathers, representing barbs as curves where the
BCSDF combines the scattering of both barbs and barbules, using
Marschner’s hair model [MJC*03]. In contrast, our model is a gen-
eral, compact surface-based representation for pennaceous feath-
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ers, where the scattering of both barbs and barbules is modeled us-
ing a new BCSDF that accounts for elliptical cross-sections and in-
ner scattering medulla allowing to represent a wider range of light-
matter interactions occurring at barb and barbule scale.

Microstructure-based surface scattering Statistical aggregated
representations of the detail at the microscopic level are the com-
mon choice for representing the scattering of small features. The
most common approaches are microfacet models [CT81, WMLTO07,
JHY *14] that represent rough surfaces as statistical aggregates of
tiny planar surfaces, generally assuming uncorrelation for comput-
ing the geometric attenuation [Heil4]. Other approaches assume
other microscopic scatterer shapes, including spherical scatter-
ers [d’E21], bumps and cavities [MDGO0], scratches [BPMGO04],
or micrograins [LRPB23], which allow computing specific geo-
metric attenuation terms. Closer to our work, far-field models for
woven cloth [IM12, SBDDJ13] assume a particular structure be-
tween perpendicularly interwoven yarns with fiber-like scattering;
this structure allows to derive a closed-form masking functions be-
tween the different yarns. Our model also models the scattering of
each component using a BCSDEF, but incorporates the additional
complexity of the multiscale structure of barbs and barbules.

Scattering from fibers Cylinder-based scattering models based on
the BCSDF have been proposed for realistic human hair for cir-
cular [MJC*03, dFH*11, CBTB16] and elliptical fiber cross sec-
tions [KM17,BP21b,HHH?22]. Follow-up work extended hair mod-
els to fur, by adding a scattering medulla crucial for the soft
look of fur [YTJR1S, YJR17]. Cloth fibers and yarns have also
been represented using the BCSDF, either measured with gonior-
reflectometers [SBDDJ13] or simulated from the microgeometry
of the fibers [ACG*17, XWM*20]. To reduce the cost of render-
ing individual fibers, aggregation techniques have been proposed
to approximate the aggregated appearance in fur [ZZW*22] and
cloth fibers [KZP*24]. Our model for fiber scattering builds upon
these models, but generalized to the specific structure of the barbs
and barbules that compose the feather, combining elliptical cross-
sections with a non-centered scattering medulla.

3. On the appearance of feathers

The appearance of feathers is the result of a complex light-matter
interactions at multiple scales. It depends on both internal structure
and chemical composition. The structure and type of feather af-
fect its appearance at a high level, while the chemical composition
and micro-nanoscale structure fundamentally change its coloration,
opacity and reflectance.

3.1. Structure

Although feathers are incredibly diverse in shape and size, they are
all composed primarily of keratin, a protein present in all epider-
mal structures of all vertebrates. Unlike the epidermal structures of
mammals (e.g. hair or nails) whose main component is ot-keratin,
the structures of birds and reptiles are based on B-keratin, which
makes them more rigid. This protein is present in all the epidermal
structures of birds (beak, claws, feathers ...) in different ways de-
pending on the corresponding biological functions. The microstruc-
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ture of B-keratin on feathers is, biomechanically, more flexible, pro-
viding unique properties required for flight [PZS*19].

Feather structure. The main components of a typical feather con-
sist of a long and central axis in which two parts are considered: the
lower and wider part, which is inserted on the skin (calamus) and
the rest of the axis (rachis). On both sides of the rachis, the vane
grows as a lamina and is formed by barbs, which grow along the
entire rachis in a branching manner. Each barb consists of a central
axis of tens of microns (ramus), which branches out on both sides
in rows of hundreds of microscopic-sized barbules (proximal and
distal), coupled by hooklets [HBM 13, SWEM17]. Barbules are up
to an order of magnitude smaller than barbs [HMC*22], and branch
from their respective barb, often in a Op, = 45° angle to max-
imize their overlap, favoring the grip of the hooklets [EHR95].
This ramification results in features at multiple scales (see Fig-
ure 2). Previous work [BP21a] collected data from ornithologi-
cal studies including barb density, barb angles or barbule length.
There is an important variety of geometric structures and config-
urations for barb and barbules depending on the bird species and
even sex [MSV™*21]. For instance, some cross sections such as
the barbule cross-section shapes of a peacock tail feather (see Fig.
3 [FS20]) or a Lawes’ parotia breast feather (see Fig. 3 [SLMO11])
with ridged forms. Nevertheless, the cross sections of these internal
structures tend to be elliptical (see Fig. 4 [MSV*21]) as we show
in the Scanning electron microscopic (SEM) images of the king-
fisher feather Figure 3 (c), with eccentricity up to 6 depending on
the specie [IDS18]. For this reason, as previous work [HMC*22],
we approximate these cross sections as ellipses.

Feather taxonomy. Feathers can be classified according to size,
shape, and type [SHO2]. One of the main features is the type
of vane: plumulaceous (fuffy, diffuse and soft) or pennaceous
(mostly flat, firm and rigid, due to interlocked barbules). In this
work, we focus on pennaceous feathers, as these ones can be mod-
eled with a BSDF over a surface that represents the vain. A surface
representation allows us to encode the feathers as texture, a repre-
sentation quite effective especially for far field scenarios. On the
other hand, plumulaceous feathers require the modeling of individ-
ual barbs over a volume. For a further discussion about the feather
taxonomy and potential representations, we refer the reader to pre-
vious work specialized on feather geometry [SH02, BP19].

3.2. Coloration

Feathers combine pigmentation and structural coloration to create
extraordinary and diverse colors, more than for any mammal and
most vertebrates [HMO6b]. The colors of the bird feathers play an
essential role in a variety of biological functions such as camou-
flage, visual signaling or mating [RPD* 14].

Pigmentation. Pigment-based coloration is the most common in
vertebrates and is caused by the absorption of certain wavelengths
as light traverses the pigments (Figure 4, left). Pigments are
molecules that absorb and reflect each of the wavelengths of light,
hence they can be associated with a particular color. These pig-
ments are deposited between the keratin sheets that make up the
barbs, barbules and rachis [RPD* 14]. The most prevalent pigments
in feathers are based on melanin, which is responsible for a wide
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barbules

barbules

Iby

(d) (e)

Figure 2: (a) The appearance of the feather’s vane (a) depends on its underlying structure. (b) Parallel barbs emerge from the rachis. (c)
Each barb branches into two sets of barbules, proximal and distal. (d) Barbs are modeled as infinite cylinders with elliptical cross section,
with an inner medulla with elliptical cross section. Barbules’ thickness is negligible so at this level they are modeled as the plane in which
they lie. (e) At a smaller scale, barbules are also cylinders with elliptical cross section, and can occlude each other. They have some spacing
between them that at a larger level is treated as partial transparency that is considered at a larger (barb) scale. The microgeometrical

parameters of our model are also represented.

(b) )

Figure 3: (a) Kingfisher (Alcedo atthis). (b) Blue tail feather of a
kingfisher. (c) Top-view SEM of a sectioned barb of the feather with
several barbules (50 um). (d) Cross section SEM of a cut vacuole
and the surrounding spongy structures (2 um). Notice the elliptical
shape of the barb cross section and the presence of the medulla
with an internal spongy structure (Source [STLWI11]).

range of colors, usually brown, gray and black tones [SD17]. or
carotene, that produce more vivid colors such as reds, yellows, and
oranges [RPD*14,SD17, WDM™* 12, MPLS™*12].

Structural coloration. The structural coloration of bird feathers is
caused by the scattering and interference of light with the feather
nanoscopic structure [FWS19]. This coloration does not depend
entirely on absorption, but on the way the structure of the feath-
ers disperses certain wavelengths. One source of such structural
coloration are specialized keratin structures in the medulla of the
barbs, which create a pseudo-ordered matrix of keratin and air bub-
bles, known as the spongy layer (Figure 3, d). These lead to non-
iridescent tones of blue, violet and UV [Pru99], as illustrated in Fig-
ure 4, although in some cases they generate partial iridescence for
highly directional illuminations [STLW11], which disappears with
lower frequency illuminations. We account for this effect with a
diffuse medulla, that approximates the backscattering given by con-
structive interference in such quasi-ordered structures [NLS™10].

Hybrid coloration Some colors such as blues, greens and purples
are created by the combination of the structure and the pigments.
For instance, the green color is usually a combination of yellow
pigmentation with a blue structural color [MPLS*12] (Figure 4,

Diffuse structural coloration

Pigmentation

fa
@~ 2,
- ‘

Figure 4: Cross-section fiber schematic of the coloration mech-
anisms in feathers supported by our appearance model. Left:
Pigments-based coloration where some wavelengths are absorbed
by the pigment granules located in the keratin matrix. Right: Dif-
fuse structural coloration, where in addition to pigmentation, the
medulla scatters colored light due to interference.

right). Feather goniochromatism can occur from the partial occlu-
sions between barbs and barbules of different colors at different
view orientations, which we model through a masking expression.

4. Overview

The scattering of each barb and barbule is modeled as a
BCSDF [ZWO07], which assumes that each fiber is an infinite
locally-straight cylinder (Section 5). The aggregated appearance
comes from combining such BCSDFs in their local frame, as ob-
tained from the tangent map and the geometrical parameters of the
BSDF. The scattering radiance from each BSDF is weighted based
on the corresponding projected visible area as defined by our mask-
ing term (Section 6). Masking is computed on the fly when our
feather BSDF is evaluated or sampled. . The structural and optical
parameters of our model can affect either particular BCSDFs (for
barbs or barbules), the global BSDF or both. These are summa-
rized in Table 1 and some of them are illustrated on Figure 2. The
feather’s geometry is encoded in a 2D texture applied on a plane or
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curved plane: The red channel encodes the barb orientation and the
blue channel stores a flag identifying rachis, vane, and background.
We manually designed the texture to roughly match the feathers’
silhouette based on feather photographs. More details about the au-
thoring process can be found in the supplemental document.

Parameter ~ Definition
B Longitudinal roughness of cortex
Bn Azimuthal roughness of cortex
Gc,a Absorption coefficient in cortex
Ne Refractive index of cortex
ac Cortex semi-major axis
be Cortex semi-minor axis
Om,a Absorption coefficient in medulla
dm Diffuse reflectance of medulla
Nm Refractive index of medulla
am Medulla semi-major axis
bm Medulla semi-minor axis
(cma,cmp) Medulla center (W.r.t. to cortex center)
Op Azimuthal barb angle
Ovb Azimuthal barbule angle
Obb Longitudinal barbule angle
Spp Barbule separation
lvp Barbule length

Table 1: Parameters of our Feather BSDF. The angles (¢p, Opp, Opp)
are expressed in degrees. The sub-index b refers to barbs, while the
bb refers to barbules. lp, and &y, are measured in number of barb
and barbules per length unit respectively. The eccentricity for ey,
and barbules cross section ep, are computed from the cortex axes
ac and b of the corresponding internal structure.

We introduce the following assumptions:

1. No wave-optical effects are present between barbs and barbules,
and all scattering can be considered in the ray-optics regime.
Wave optics is particularly significant for iridescent feathers
such as the hummingbird and peacock feathers. In this work,
we focus on pennaceous non-iridescent feathers which extend a
large group of feathers.

2. As previous work [HMC*22], we assume an elliptical cross-
section of both barbs and barbules. While this is mostly accurate
for barbs, barbules come in different shapes, which are specially
relevant for iridescent feathers [HBM13].

3. Multiple scattering only occurs inside the fibers (accounted
by the BCSDF), but not among barbs and barbules on the
same surface. When rendering (path tracing), multiple scatter-
ing emerges from the interactions among different surfaces.

4. We assume that shadowing has a negligible effect, which allows
our model to compensate for energy loss due to the lack of mul-
tiple scattering among barbs and barbules.

5. The microstructure of the feather’s vane is locally regular: In a
differential surface patch, barbs are parallel, proximal barbules
are parallel and distal barbules are parallel. This removes the
need of explicitly modeling the geometry of all barbs and bar-
bules.

In the following, we first define our new BCSDF that supports some

of the observed structural properties of both barbs and barbules;
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then, we define our surface BSDF that leverages the BCSDFs for
modeling the aggregated scattering at the feather’s vane.

5. Scattering from barbs and barbules

Here we model the scattering of the main individual components of
the feather as a BCSDF. Then, we describe our structural model for
barbs and barbules; then, we describe the BCSDF used for model-
ing the three of them. Following the formulation from [MJC*03],
we define the far-field BCSDF in polar coordinates, as

. =2 rht
S(¢i79i7¢07907h_7h+) = M /h}i S(¢i76i>¢01907h)dh7

ht —h—

1
where (¢;,0;) and (0,,0,) parametrize in polar coordinates the in-
cident and outgoing direction respectively, D(¢;) is the projected
fiber width on the incident direction, cos(ei)_2 accounts for the
projected solid angle of the specular cone, 4~ and 2+ parametrize
the limits of the visible fiber diameter (for a fully visible fiber,
h~ = —1and k't = 1), and 5(¢;,0;,90,00,5) is

(01,01 00.60,) = [[:S(01,61,.0.4)Gys(©—6,[B)
GN (P — 0o |Bn) cos(®)dOdD, 2)

where Gps(A8|B) and Gy (A|B,) are longitudinal and azimuthal
Gaussian detector functions respectively [dFH*11], that regularize
the scattered field accounting for surface roughness (parametrized
by Bm and Bn, respectively). Finally, S(¢;,0;,®,®,h) models the
transfer function inside the fiber, defined as the integral of paths
starting at (¢;,0;, /) and outgoing at direction (P, ®) following the
path integral [Vea97]

S(q)iveivq)’®7h) = /Qf(X)d,u(X), (3)

with Q the space of paths x that start at (¢;,6;,%) and end at (P, ®),
and u(x) the measure of the integral. For purely absorbing fiber,
the space of paths starting at (¢;,8;, k) is singular specular path, and
thus S(0;,0;, P, 0, ) is a sum of impulse functions, one per bounce
inside the fiber, with amplitude the attenuation at each bounce.

5.1. Fiber models

We do not model the scattering from the rachis as a BCSDF; in-
stead, we assume that the diffuse scattering medulla is dominant
and model it as a colored diffuse surface.

We model barbs and barbules as cylindrical -keratin cortex
with elliptical cross section, with axes a. and b.. The interface is
a rough dielectric, with roughness modeled as azimuthal and lon-
gitudinal 1D Gaussian detectors as described above), and index of
refraction 1. The B-keratin hosting medium is filled with absorb-
ing pigments, leading to an exponential transmittance as predicted
by Beer-Lambert law.

Additionally, the barb contains a medulla. As opposed to hair
and fur models [YTJR15], the medulla is generally not aligned with
the cortex center, nor have the same eccentricity. We thus do not
model cortex and medulla as concentric cylinders, but instead allow
the medulla to position freely inside the cortex, with axes am, and by,
and center (cm,a,Cmp)- As anticipated before, we approximate the
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reflectance of the medulla as a diffuse surface. The albedo ranges
from white (when there is no spongy layer) to blue, representing the
non-iridiscent coloration of the spongy layer (as described before).
We use measured reflectances for the blue tint, from the work by
Noh et al. [NLS*10].

5.2. Rendering

Our model for barbs and barbules involves elliptical cross sections
and a diffuse medulla (for the case of barbs), so our solution is not
simple enough for a closed-form expression for Equation (1), spe-
cially as we account for higher-order bounces inside the fiber. Thus,
we need to solve the integral numerically. Inspired on the work of
Chiang et al. [CBTB16] we leverage the stochastic nature of mod-
ern renderers and compute the nested integrals in Equation (1) with
a Monte Carlo estimate.

We implement a stochastic Monte Carlo-based path tracer from
which we obtain a set of fixed number of lobes. In our experi-
ments, we observed that five lobes seem to be accurate enough as
we shown in Figure 13. Each of these lobes consists of an outgo-
ing radiance value (throughput) associated to an outgoing direction.
Each interaction with each dielectric interface (cortex) determinis-
tically generates two rays: one exiting the cortex, which we store
as a lobe, and one entering the fiber, which keeps interacting and
generating lobes until the final number is reached. The stochastic
exploration of those sets of lobes comes from the integration vari-
able of Equation (1) & and, in the case of barbs, the interactions
with the medulla, from which we generate new rays using cosine
sampling.

For evaluating the BCSDF, we go through all the lobes, evaluat-
ing the Gaussian detector functions G (® — 6,|Bm) and Gy (P —
00|Br) (see Equation (2)) for the direction of the lobe (®,®), and
S(9,0;,P,0,h) is a one-sample estimate of the lobe’s throughput.
For sampling the BCSDF, we follow a strategy similar to previous
works [dFH" 11] where we build a discrete pdf where the accumu-
lated throughput of each lobe corresponds to the probability of such
lobe.

6. Our surface appearance model

As opposed to previous works [HMC™*22] that explicitly model the
rachis and barbs as curves, we represent feathers using a surface-
based representation, where the geometry explicitly model the
rachis and vanes, while barbs and barbules in the vanes are modeled
as microgeometry, using a BSDF defined in the local coordinate
system of the barbs. As described before, we encode the feather
parameters in texture space, using a mask to distinguish between
rachis and vanes, and defining the local tangent direction on the
surface using a rotation angle. This removes the need of modeling
explicit geometry of the feather, resulting in a compact representa-
tion.

Our BSDF fi(;,®,) is a linear combination of four different
components: barb BCSDF S, and proximal and distal barbules
BCSDFs Sy, modeled using Equation (2) (below in Cartesian coor-
dinates instead of polar), and transmittance through the vane. The
BSDF is defined in the local coordinates of the barb, defined by the

normal of the surface and the barb’s tangent direction, following
15(©1,00) = 1 (@0) So (1,02, (@) g (@) ) )
+Whp (o) Sbb <pr0)i:pr0)oahb_p (@0) , Iy (wo)) G(Thpo;)
+ Wha (@o) Sbb <de0)iade0)o,ht;1 (@) , g (%)) G(Tpaw;)
+wi(@0) 3(1 — ;- o) o -m| “)

where n is the surface normal, wy (o), Wpp(®o) and wyg(@o)
model the projected area of the barb, proximal barbule and distal
barbule as viewed from @y, respectively, we(®o) = 1 — (wp(®0) +
Whp (@o) +Wpd (@o)) is the amount of transparency, &(-) is the Dirac
delta distribution, Ty, and Ty transform the coordinate system to
the frame of proximal and distal barbules, according to their ro-
tation Op, = 45° and inclination Oy, (parameter of our model),
and G(®;) = cos(8;) the foreshortening over the fiber. The integra-
tion ranges for the corresponding BCSDFs are [y, (), 5 (00)],
[ht;’(mo),h;rp(coo)] and [h (o), by (0)]. Both the projected areas
w(®,) and the integration ranges (A~ ,4") for barb and barbules are
given by our masking term (Section 6.1). Finally, note that for all
BCSDFs we set the fiber width D = 1, since it is accounted for by
the projected areas wy, wpp and wyq, respectively.

6.1. Masking

‘We do not explicitly model the feather’s microgeometry, but instead
devise an analytical masking expression that analyzes the visibility
among its components. Our masking expression works at two dif-
ferent scales: barbs and barbules. The critical insight for developing
our masking components is that, at their respective local coordinate
systems, all the microgeometrical elements are either ellipses or
segments. Both are governed by implicit and parametric equations
from which we can derive both projected areas within a parameter
subrange. Furthermore, instead of stochastically explore the visi-
bility, as the work by [HMC*22] does for barbules, we find ana-
lytical points that correspond to visibility discontinuities by tracing
2D rays at the analytical boundaries, and from the arcs/segments
between the corresponding intersections we calculate projected ar-
eas.

We name o, = {@)y, wf,y} the two-dimensional direction in the
local coordinate space (the longitudinal dimension is ignored) after
transforming ,. For an ellipse (representing barb or barbule) with
center ¢ = {cy, cy} and axes ay and ay the visibility discontinuities
as given by that ellipse are its tangent points, obtained as:

Pro = (Cx +ax cos(oz)) P = (cx+axcos((x+n)> )

¢y +aysin(o) ¢y +aysin(o+ )

U
where o = tan ™! (7:;;5‘“ )

For barbs, the corner among barbule segments p. represents a
visibility discontinuity too. These visibility boundary points are the
origin of 2D rays traced towards the rest of the elements of the
microgeometry at their specific scale. Once the visibility among
the different geometrical elements, projected areas towards o, are
calculated through a simple cosine for the case of segments and for
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P:0 70°

Figure 5: Masking between two barbules at different view incli-
nations. Barbules (and their projected area) are marked in green.
The barbule separation and traced rays are shown as yellow and
black segments respectively. We first trace a ray from the tangent
point py1, generating two cases: If it intersects the other ellipse
(70° case) we need to intersect the ellipse’s diameter to identify py
and therefore h™. The separation (transparency) cannot be seen
(w;,b = 1). If it does not intersect the other ellipse (25° case) then
we need to intersect the separation segment with two tangent rays.
We then calculate the local barbule weight wy,, from the projected
areas app and as.

the case of ellipses, its projected area A is:

A (ug,u1) = Opyay(sin(ug) — sin(u;)) + (D'oyax(cos(ul) —cos(up))

(6)
where ug and u; are the starting and ending parameters from the
ellipse’s parametric equation, obtained by inverting the paramet-
ric equation for the intersection (visibility boundaries) points. The
derivation of this inversion and of Equation (6) can be found in the
supplemental material.

Barbule masking At a smaller scale, which we call barbule mask-
ing we align the reference frame at the local barbule frame. Given
the cross section of barbules (ellipses) and a separation among
them, we obtain the ratio between barbule visibility and trans-
parency, as well as the casting segment range for the barbule (see
Figure 2 and Figure 5). This is done at the local coordinate system
of proximal and distal barbules, and the result is used for the larger-
scale barb masking. Note that previous work [HMC*22] models
this masking term stochastically, and not analytically.

We explicitly model two barbules as ellipses while the separation
between them is a segment (as represented in Figure 5). The bar-
bule model parameters are, for reducing the number of parameters,
the barbule axis ratio epp and the relative barbule separation Sy,
We trace 2D rays from a tangent point at each ellipse towards each
other and the separation segment. If there is occlusion between el-
lipses (ray has intersected) the lower limit of the integration range
h~ (hb_p(mo) or 114 (®,)) require tracing the same ray again towards
the segment between p;o and p,; that represents the diameter of the
ellipse. 4™ is the parameter of the parametric equation of this diam-
eter at the intersection point p; (if there is no intersection, A~ = 1.
The other integration range limit is 4/ = 1. These geometrical ele-
ments can be visualized on Figure 5. This barbule masking term is
applied twice, for both proximal and distal barbules, obtaining 4, _

+
hbp s

bp’
hygs hg’d and, from the projected areas, local weights wl'jp and

© 2024 The Author(s).
Computer Graphics Forum published by Eurographics and John Wiley & Sons Ltd.

70

Figure 6: Cross section of barbs, representing the masking be-
tween barbs at two different view inclinations. Barbules (in red
and green, respectively) are partially transmitting, depending on
the view direction at their particular local coordinates (see Fig-
ure 5), while barbs (in blue) are considered to be opaque. Depend-
ing on the view direction, each element (barbs and barbules) to-
tally or partially occludes the rest. The limits of such occlusions
are identified by tracing 2D rays (marked in black). By considering
all the particular intersection ranges we obtain the weights.

Wpq- As barbules are separated, there is also the possibility of local
transparency with weights 1 — w{,p and 1 — w{)d, respectively.

Barb masking At the upper scale, barb masking, we align the ref-
erence frame to the barb local frame. Hence the cross section of
the barb is an ellipse, and the cross sections of the barbules are two
segments (distal and proximal), with partial transparency obtained
from the barbule masking component. Here, we compute the vis-
ibility ratios between barbs, barbules, and transmittance (see Fig-
ure 6 and Figure 2, d). Note that previous work [HMC*22] does
not provide a masking term that accounts for barbs and need to
explicitly model the geometry of each individual barb.

Parameters are also relative with respect to the horizontal size of
the barb, and include axis ratio ey, barbule length [, and barbule
inclination Oy},. From these we obtain a representation of the mi-
crogeometry with two ellipses (barbs) and two pairs of segments
(barbules). We trace rays from the visibility discontinuity points
P:0, Pr1 and pc towards the rest of geometrical elements (segments
and ellipses) and, from the ranges between intersection points, cal-
culate the projected areas as before. Each interval correspond to
total or partial occlusions (at this scale, barbules are partially trans-
parent) so each projected area must be multiplied by 1 — w{,p if it is
occluded by the proximal barbule and by 1 — w{)d if it is occluded
by the distal barbule. We combine all projected areas and obtain wy,,
Wpp and wypg. We also obtain /= and h;r using the same procedure
than for barbules. A detailed step-by-step procedure for obtaining
these masking terms can be found as supplemental material.

6.2. Rendering

For evaluating the BSDF as described by Equation (4), we simply
calculate the weights from the masking expression and then evalu-
ate the corresponding BCSDFs at their local coordinate systems.
For sampling it, we use a discrete distribution, similar to previ-
ous work [BDSP22] with four possible events (hit barb, hit prox-
imal/distal barbules and delta transmittance) whose probabilities
come from weights obtained from the analytical masking expres-
sion. The selected event is then sampled, deterministically if it is a
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Figure # Feathers  Resolution  Spp Time
Figure 7 2500 512x256 1024 2.2 min

Figure 8 82 730 x420 256 4.4 min
Figure 10 496 512x512 256  1.5min
Figure 11 1 256 x 512 1024 1.5 min

Table 2: Rendering time for different scene complexities: single
feather, feather pelt, feather wing and feather ball.

delta transmittance or by using the BCSDF sampling routine of the
specific fiber otherwise.

7. Analysis and Results

In this section, we perform several experiments to show the ca-
pability of our feather BSDF, formal validation of our analytical
masking term and comparison to previous work and photographs.
We author each feather manually, by encoding the feathers geom-
etry, including shaft, vane and barb orientation, on a 2D texture on
top of a relatively simple geometry. Exploring more effective pro-
cedural tools for authoring (e.g., [BP19]) is left as an interesting
future research direction.

We implemented our model in Mitsuba 0.6 [Jak10] as a new
BSDF. All our renders have been computed on an Intel Core i9-
10900KF CPU with 20 cores. Table 2 reports the rendering time of
all figures including scene with different complexity in terms of ge-
ometry (single feather, feather pelt, feather wing and feather balls),
material (brown, black, blue, red and green feathers) and lighting
conditions. Since our is surface-based, it is practical in terms of
both rendering time and memory for fully feathered assets, which
would be very expensive is curve-based feathers.

7.1. Model analysis

We perform ablation studies to analyze the impact of each compo-
nent of our model. Figure 7 shows how increasing the complexity
of the fiber cross section affects the final appearance produced by
our fiber BCSDF in a significant manner. As previous work had al-
ready shown [KM17], an elliptical cross section with higher eccen-
tricity increases the brightness of the specular lobes (see renders)
and introduces new patterns as the elliptical blobs (see latlong re-
flectance plots). As we introduce a medulla, reflectance distribu-
tion gets more uniform and appearance gets smoother. When intro-
ducing a non-concentric medulla, reflectance distribution becomes
asymmetric and the change in appearance with respect to the con-
centric case is important, showing a greater variation on appearance
with respect to feather orientation.

Figure 8 shows the effect of both our masking and our
BCSDF representing feathers, compared against using only hair
barbs [LF10, HG19] (first column), and against a more sophisti-
cated feather structure with barbs and barbules modeled with a hair
model (second column) and combined with a masking term, sim-
ilar to the one proposed by Baron and colleagues [BDSP22]. As
shown in the four examples, the medulla (third column) is essential
to produce softer and non-iridescent structural colors such as green

and blue tones. Notice that a closer appearance matching would re-
quire to match the lighting conditions and feather geometries more
carefully. Nevertheless, the overall appearance produced by our full
model better reproduces the real feathers’ appearance than previous
works.

Finally, in Figure 9 we validate our analytical masking term by
comparison against a brute-force 100spp Monte-Carlo simulation
of masking over explicit geometry (consisting of 100 barbs with
100 barbules each). Our masking expression yields similar weights
to the reference, but without any noise and in constant time.

7.2. Appearance exploration

In Figure 10 we analyze the feather expressivity of our appearance
model by exploring the range of appearances that it can achieve.
In particular: 1) Increasing the relative barbule separation (8yp) in-
creases feather transparency as less transmitted rays are blocked by
barbules. 2) Increasing barb axis ratio (ep) increases the frequency
of the highlights. Finally, 3) increasing the medulla size changes
the hue of the feather, as well as the distribution of reflectance to-
wards a more diffuse one. We provide a more thorough parameter
exploration as supplemental material.

7.3. Appearance matching with photographs

We photograph two feathers using a conventional smartphone un-
der different light conditions and create an scene to roughly match
lighting conditions, appearance and shape of the captures, while
ignoring the plumulaceous regions of the feather. Figure 11 shows
our results with the Amazon parrot, demonstrating that our mask-
ing can predict the view-dependent changes (top near frontal view,
bottom rotated feather) of the final color due to different coloration
between green barbs and yellow barbules.

Figure 12 shows a black goose feather lighted from behind. Sim-
ilar to before, we capture the feather under varying rotation: With-
out masking, the transparency is independent of the rotation, while
our masking predicts the loss on transparency as the feather ro-
tates. In addition, this figure demonstrates again the importance of
the medulla to predict the blue tint of the feather due to structural
coloration of feathers, which is not physically possible with a hair
BCSDF as in previous works.

Note that we do not expect to perfectly match the photographs
as they were taken under uncontrolled illumination conditions and
the structural and optical parameters of the feather were unknown.
In addition, near-field details such as visible individual barbs are
not accounted by our model. Still, we show that the combination of
our BCSDF and our masking term predict challenging appearance
features observed in feathers.

8. Discussion

Far-field vs near-field Our model assumes far-field rendering of
feathers, and thus is not able to capture the high-frequency details
of visible barbs, which are naturally handled by curve-based meth-
ods, which in the far field suffer aliasing. Extending our method to
near-field appearance would require more sophisticated authored
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Latlong BRDF Plot: §,=0°, 6,0, 7 = red Latlong BRDF Plot: ¢, = 0", 6,0°, 7 = red

o

Circular Cortex Elliptical Cortex Concentric Medulla Non-Concentric Medulla

Figure 7: Ablation studies of the Fiber BCSDF at (¢; = 0°, ; = 45°): single cortex cylinder (first column), elliptical cortex cylinder (second
column), nested cylinders with concentric medulla (third column) and nested cylinders with non-concentric medulla (last column). We show
the latlong reflectance plots for the red wavelength. Fiber BCSDF parameters: Gcq = (0.133,1.967,2.1), e = N = 1.53, B = 0.13,
Br = 0.12. The elliptical cross section is e, = 1.6. Medulla is circular with radius 0.6 (am = 0.6,b,, = 0.6) and the non-concentric medulla
is located at cx = —0.1 and ¢y = 0.1. Latlong reflectance plots are obtained with 10000 spp. Notice how the elliptical cortex increases the
reflectance of the render, while the presence of the medulla makes the appearance softer. The latlong reflectance plots also reveals how each
component affects the lobe patterns in a significant manner.

BTUCSON A

Eleff Maw/ Flickr

Only hair barbs Only masking Full Photo

Figure 8: Ablation studies of our feather BSDF for a feather pelt scene. [Only hair barbs]: Only barb with hair BCSDF [MJC*03]; [Only
masking]: Barb and barbules with Hair BCSDF combined with our masking term similar to [BDSP22]; and [Full]: Adding a diffuse medulla
inside the Barb BCSDF. Notice how our full model is capable of producing a wide variety of complex appearances that resemble closer the
appearance of the photographs than previous works for several birds: From top to bottom, northern cardinal, blue-fronted amazon parrot
(we reproduce the blue feathers in the face), eclectus parrot and Brewer’s blackbird. In particular, the diffuse reflectance of the medulla is
critical to achieve similar tones to the photographs, while the masking is important for goniochromatic and occlusions effects.
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ep =1, Iy, =3, Opp, = 45° er =3, Iy =1,0,, =0

90.

Ours

Monte-Carlo

-180 00 180180 0o
Figure 9: Comparison between our analytical masking expression
(top) and a Monte-Carlo simulation (100spp) with ray tracing to-
wards a full modeled microgeometry for the same parameters (bot-
tom). Two different masking parametrizations have been explored
(left and right columns), and the rest of the parameters are the same
between the two: ep, = 1, dpp = 1. The horizontal and vertical axes
per plot correspond to the view direction ®, in polar coordinates
(90, 00). The colormap represents the weights of the different mi-
crogeometrical components: wp, Wy, and wyg are mapped to the
blue, green, and red channels, respectively. Note how our analyti-
cal masking expression can obtain a noiseless result in a minimal
fraction of the time (constant) while being accurate with respect to
a fully modeled microgeometry.

maps and redefining the masking terms to support per-point mask-
ing. Deriving a proper filtering technique for such a near-field
model is also left as future work.

Shadowing To simplify our BSDF we decided to omit the shadow-
ing term, which intuitively has little effect in natural lighting con-
ditions. This allows us to use a far-field integration of the BCSDF,
instead of requiring integrating both the input and outgoing visi-
ble surfaces of the fibers, at the cost of removing some physical
plausibility.

Energy conservation Given the lack of shadowing, our BSDF is
energy preserving without the need of multiple scattering simula-
tions, except for the potential energy loss in the BCSDF, which
might be significant when introducing elliptical cross-sections and
an inner scattering medulla. However, as shown in Figure 13, we
found that limiting light transport inside the fiber to five lobes re-
sult in a minimal energy loss.

Wave optics Our model omits important wave optical behavior,
except for the structural coloration of the medulla, which we ap-
proximate as a diffuse reflection. Other effects such as the irides-
cence due to the grating-like structure of barbs and barbules, or the
thin-film-like structure in barbules [HMC*22] is omitted. Incorpo-
rating these effects, as well as a more principled definition of the
medulla’s diffuse structural coloration is an interesting avenue for
future work.

Other types of feathers An important limitation of our surface-
based approach is that is not particularly suitable for plumulaceous
feathers, where the vane is not as structured and is therefore more
suitable for curve-based representations. Still, our BCSDF could

180

be directly applied to curve-based representations [BDSP22], and
hybrid approaches where curve-based barbs encode flyaway and
plumulaceous feathers, are probably the best choice for a general
model covering the whole spectrum of feather appearances.

Non-elliptical barbs and barbules An additional assumption of
our work is the use of elliptical cross sections for barbs and bar-
bules, which is a coarse approximation for both, especially barbules
that appear in a large variety of cross sections. We made this choice
for limiting the space of parameters of our model into something
manageable; however, our methodology for computing the BCSDF
based on path tracing is very general, so fibers with arbitrary cross-
section could be used, in the same spirit as the work of Aliaga et
al. [ACG*17] for cloth fibers.

Parameter space Our model is parametrized by a total of 23
parameters including the masking parameters (5 geometrical pa-
rameters), BCSDF barb parameters (12 parameters for cortex and
medulla) and BCSDF barbule parameters (6 parameters for the cor-
tex), with absorption coefficients and diffuse reflectance defined
by RGB values. The model is expressive as shown in our experi-
ments and the parameter space might seem challenging. However,
these parameters all have an intuitive meaning, either structurally
or appearance-wise, and the general appearance features of feath-
ers (goniochromatism, view-dependant transmittance, highlights...)
emerge naturally. We selected some of the parameter values based
on the structural and optical properties observed on feathers in
previous works [TWS13,IDS18, MSV*21] and we found the rest
empirically. However, targeting a specific feather’s appearance re-
quired several iterations of parameter editing in our experience.
A more example-based automatic parameter selection would def-
initely be an interesting next step on this research path. Introducing
a length-dependent barb radius would probably produce more real-
istic results.

Conclusion We have presented a practical surface-based far-field
appearance model for feathers, in which we model the complex
microgeometry of a feather as a light-weight texture and an analyt-
ical masking term that accounts for the angular dependent visibility
conditions, which previous curve-based models handled explicitly
via curve visibility. On the core of our model is a new fiber BCSDF
that supports elliptical cross sections and (potentially-colored) scat-
tering medulla, which is crucial for representing a wide variety of
real-world feathers.
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Figure 10: Parameter exploration of our model. Top: We vary the &, = [0.1,0.3,0.5,1.0,3.0]. Larger separation between the barbules
increased the transmittance with high values showing prominent transparency effects. Mid: We show the effect of increasing the barb axis
ratio e = [1.0,1.2,1.4,1.6,1.8], progressively making the central highlight sharper. Bottom: We increase the size of the medulla by, =
[0.0,0.2,0.4,0.6,0.8], for higher values, the color is mostly dominated by the color of the medulla and the appearance becomes more diffuse.
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Figure 11: Qualitative appearance matching on an Amazon par-
rot feather, for a frontal (top) and lateral (bottom) views. As the
feather rotates, view dependent changes on the feather’s color be-
come apparent: These are produced by visibility changes between
barbs (yellow) and barbules (green). Our masking model is roughly
able to predict these changes. Please see the supplemental video for
a dynamic example of this goniochromism effect.

1
128

Hair Barbs With Medulla Full Photograph

Figure 12: Qualitative appearance matching on a black goose
feather, for a frontal (top) and lateral (bottom) views, under strong
back-lighting. Our masking term can reproduce view-dependent
transparency. Note that the bluish appearance can only be achieved
by the inclusion of a blue medulla.

1000 lobes 5 lobes Error

Figure 13: Energy conservation validation of the BCSDF. For a
five-bounces evaluation of our BCSDF we observe minimal differ-
ences with respect to a 1000-bounces counterpart, in both fiber-
only, single scattering test (top) and inside our feathers BSDF with
multiple scattering (bottom). Error is computed using the FLIP
metric [ANA™20].
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