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a b s t r a c t

The appearance of a real-world feather is the result of light interactions with complex, patterned
structures of varying scale; however, these have not yet been modeled for accurate rendering of
feathers in computer graphics. Previously published works related to production and research have
presented simplified curve models to represent the appearance of feathers. In this work we present
why these approaches are not sufficient using imaging from real feathers along with motivation for
a specific appearance model for feathers. We also propose and compare a new technique that takes
into account the detailed substructures of feathers and their role in rendering an accurate far-field
appearance. Our proposed method lends a high degree of photorealism for rendering feathers in
visual-effects and content-creation applications.

© 2021 Elsevier Ltd. All rights reserved.
Fig. 1. An osprey feather photographed (left portion) and modeled as curves
and rendered as hair fibers (middle) and with simulated microstructures (right).

1. Introduction

Bird feathers are a complex assembly of multi-scale structures
ncluding the central shaft, branching barbs, and interlocking
arbules on those barbs. This hierarchical structure provides a
ariety of unique functions for the feathered organism such as
light and display, the latter based on coloration where each com-
onent of a feather contributes to the overall appearance. In many
eathers this coloration is due to pigmentation from carotenoids
yielding yellows and oranges), melanins (yielding browns and
lacks), and porphyrins (yielding browns, reds, and greens and
hich can fluoresce reds under ultraviolet light). Some feath-
rs additionally or primarily exhibit structural coloration due to
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melanosome patterns at a nanoscale level, leading to iridescence,
bright blues or combinations of colors in conjunction with pig-
mentation [1,2]. Apart from coloration, the optical properties and
structures produce a variety of intriguing effects such as glow,
shine, and highlights that depend on the surrounding lighting.

Although extensive work has been done in representing real-
world objects by material models for computer graphics, a phys-
ically based model for accurately representing the light-surface
interactions of feathers has not yet been presented. Such an
appearance model would eventually need to include an accurate
wave-optics model to describe structural coloration effects. We
suggest that ahead of that, though, a more fundamental model is
a first step to represent the diffuse and specular reflectances of
this complex assembly of multiple scales.

At some level one of the most important aspects of such
an improved material model is to represent the aggregate ef-
fect of feather micro- and nanoscale substructures when viewed
from a distance. These multi-scale effects are not considered
in current renders of feathers as geometry is usually simpli-
fied to the shaft and barbs only, representing the barbs with
either Non-uniform Rational B-Splines (NURBS) or Bézier curves.
Fiber-scattering models developed primarily for representing hair
have been the shading model typically chosen to render these
curves [3–6]. We suggest and demonstrate that a collection of
curves representing feather barbs but not the smaller structures
lacks significant components needed for photo-realism. We also
suggest that the Bidirectional Curve Scattering Distribution Func-
tions (BCSDFs) typically used for shading hair and fur do not likely
well represent light scattering of feather substructures due to
their unique shapes.

The structure of this paper includes a brief summary of re-
e-based appearance rendering for feathers. Computers & Graphics (2021),

lated work for rendering natural materials; information on the

https://doi.org/10.1016/j.cag.2021.09.010
http://www.elsevier.com/locate/cag
http://www.elsevier.com/locate/cag
mailto:jrbaron@clemson.edu
mailto:djsingh@clemson.edu
mailto:smith23@clemson.edu
mailto:ekp@clemson.edu
https://doi.org/10.1016/j.cag.2021.09.010


J. Baron, D.S. Dhillon, N.A. Smith et al. Computers & Graphics xxx (xxxx) xxx

d
s
f
s
o
o
P
p
3
m
3

a
s
r
m
c
c
e
i

3

m
g

Fig. 2. Illustration of feather structure.
Source: Modified from [7].

fundamental aspects of feathers that affect their appearance;
motivation for a specific shading model for feathers; presentation
of a new method aimed at representing some of the appearance
properties due to the multi-scale scattering effects of feathers;
and suggestions for future work.

In summary, the primary contributions of this paper are:

1. Evidence and discussion presenting a strong motivation for
development of specific shading models for feathers.

2. Presentation of research questions and possible approaches.
3. The introduction of a new technique capable of repre-

senting key far-field appearance properties arising from
achromatic scattering by the multi-scale components of
feathers.

2. Background

A variety of models have been suggested for various materials
as the discipline of computer graphics has progressed. Some
of these include simple diffuse-specular models, more complex
subsurface-scattering models, and even multi-scale and layered-
material models. Microstructure cylindrical models have partic-
ularly been developed for rendering hair, fur, and cloth fibers.
We present here a summary of physically based material models
that could be considered similar in some ways to components
of feathers followed by a brief description of the structure and
coloration of physical feathers.

2.1. Physically based rendering and materials

A material is usually simulated by a Bidirectional Reflectance
Distribution Function (BRDF) where there have been many func-
tions proposed for a large variety of real-world and synthetic
materials. BRDF terminology and measurement standards were
introduced in [8]. The development of physically based mate-
rial models stems from studies on geometric optics, namely the
Torrance–Sparrow microfacet model [9] later adapted for use in
2

physically based rendering for computer graphics by Cook and
Torrance [10] and expanded to represent both reflection and
transmission as a Bidirectional Scattering Distribution Function
(BSDF), now a common standard in physically based render-
ing [11]. Additional variations of appearance models including
subsurface-scattering [12,13], multi-scale [14], layering [15,16],
and diffractive and iridescent models [17–19] are of inspiration
for the continued development of a physically accurate feather
model.

Bidirectional Fiber (BFSDFs) or Curve (BCSDFs) Scattering Dis-
tribution Functions represent parametric curves as cylinders or
shapes enclosed by cylinders rather than mesh surfaces, making
their use more appropriate for rendering filaments such as cloth
and hair fibers [20,21]. These models often have both near-field
representations of light scattering through the fiber using the
BFSDF and far-field approximations based on distant light sources
and viewing using the BCSDF [20]. Variations to hair models
include azimuthal scattering with elliptical rather than circu-
lar cross sections [22] and increased efficiency using spherical
harmonics [23]. Yan et al. proposes a variation for animal fur in-
volving additional scattering based on a more prominent medulla
within the fibers [24]. The reference technique covered in this
paper focuses on the Marschner BCSDF [21] which is discussed
more in Section 3.1 as it has been applied to production [25–
27] and often been used in feather rendering to date [3,4,28].
We emphasize that the current state of the art methods do not
accommodate for multi-scale structural variations in feathers.

2.2. Feather structure and coloration

Here we present related material from ornithology, the study
of birds, covering the hierarchical feather structure, nanoscopic
composition, and pigmented and structural coloration.

A feather is a hierarchical structure of branching components
that is illustrated in Fig. 2. The structure has a central shaft
and two vanes (posterior and anterior). Vanes are composed
of hundreds of adjacent barbs each of which consists of many
barbules extending from a ramus (plural rami). These barbules
possess pennulae which act as hooks (called barbicels on the
istal barbules) and rods (on the proximal barbules) to form the
urfaces of the vanes. Feather structure serves a wide variety of
unctions such as flight, insulation, water repellency, and visual
ignaling [29–31]. A feather is composed of the protein keratin
f which human hair and nails are also composed. The coloration
f feathers is pigmented, structural, or combinations of the two.
igmented colors are caused by components such as melanin-
roducing melanosomes and carotenoids from food sources [2,
2], and structural coloration occurs based on nanoscale arrange-
ent and orientation of melanosome, keratin, and air layers [33,
4].
Case studies of feather coloration, including iridescent effects,

re found in ornithological research investigating avian visual
ignaling and sexual selection [35–40]. Paleontologists actively
esearch the coloration of extinct dinosaur feathers based on the
icro- and nanoscale arrangements found in fossilized specimens
ompared to those in feathers of extant birds [41–44]. Structural
oloration effects are beyond the scope of our current work. How-
ver, there are important appearance effects to begin to model for
mproved fidelity of renders.

. Related work

This section reviews particularly related work in material
odeling and the previous publications related to computer-
enerated feathers.
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Fig. 3. Light-transport paths summarizing the proposed feather-shading tech-
nique. Specular lobe paths scatter on the ramus (red path, blue shape), proximal
barbule (purple path, yellow shape), and distal barbule (orange path, green
shape) within a section of the curve defining the entire barb. The R, TT, and
TRT path labels describe reflection and transmission according to [21]. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

3.1. Material capture and modeling

Many physically based material models have been derived
through fitting analytical functions to or storing look-up tables
of measured reflectance data. We consider three main categories
of material models relevant when studying feathers: fiber, irides-
cent, and multi-scale models.

Fiber, hair, or BCSDFs in general model scattering along the
length and width of a cylindrical structure following the path of
a curve segment. The widely adopted and expanded Marschner-
hair model was developed by observing cuticles on round hairs
using electron-microscope images [21]. The far-field reflectance
was measured with image-based techniques, and a BCSDF was
used to model transmission and reflectance paths. The Marschner
model has been adopted widely in film and game production [25–
27,45,46].

Recent material research also includes investigation of spec-
trally dependent effects such as diffraction exhibited by natural
phenomena like snakeskins [18] and thin-film iridescence [19].
Material models have been developed for multi-scale light re-
flectance based on milli- and microgeometry [14], for scattering
in volumetric layers of materials [47], and based on approxima-
tions of X-ray microtomography (micro-CT) of fabrics [48].

3.2. Feathers in computer graphics

Chen et al. procedurally modeled feathers based on control
Bézier curves and textured them with a Bidirectional Texture
Function (BTF) [49]. The BTF was presented for describing ma-
terials as textures based on lighting and viewing directions [50].
Baron and Patterson focused on the procedural generation of
more detailed feather geometry based on image analysis of pho-
tographed feathers and including barbule curves in addition to
the shaft and barb curves [51].

Hair models are pertinent due to their wide use in produc-
tion for shading computer-generated feathers. For near-field re-
flectance, feathers are often modeled only to the barb level as
a series of hair curves [3,4,28]. Geometry cards have been used
in rendering feathers distant from the camera, and there may
be other level-of-detail representations between near field and
far field implemented [52]. Some other work has been presented
3

on feather system ‘‘grooms’’ and simulated animation but is not
pertinent here for appearance modeling.

The ornithological investigations of Harvey in [35,53] were not
aimed at computer graphics but focused on methods to study the
reflectance of a prominently iridescent bird species in terms of
avian visual signaling for mating. This work did not present a
scattering model for feathers but raised an important idea that
we build upon; the distal barbules, pennulae, and proximal bar-
bules, particularly the pennulae, contribute significant reflected
radiance. See section 5.2.1. and 5.2.2 in [35] for further details
on their observations regarding percentage of reflected radiance.
This is compared to radiance reflected by the central ramus of
a barb which is the only structure represented by a curve with
a BCSDF such as in nearly all published feather-related work to
date.

Inspired by the works presented in this section, we propose a
substructure-based method of representing the multi-scale light
interactions with different portions of the feather-structure hier-
archy, illustrated by Fig. 3.

4. Motivation for feather-specific shading

As noted, feather substructures do significantly affect the far-
field appearance of the entire feather. The only known prior work
that observes these structures of feathers from the context of both
ornithology (visual signaling) and information useful for material
modeling (optical measurements and plotting) is in [35,53].

As described in [35], interactions of light with feathers’ unique
surfaces occur at the organism-, macro-, milli-, micro-, and nano-
scales, and the orientation of microstructures and arrangements
of the nanoscale components drive the resulting appearance.
Macroscale reflectance concerns patches of feathers. A feather’s
shaft and vanes are at the macroscale where the vanes appear
flat. The barbules and rami of barbs compose the prominent
milli- and microscale details. The distal and proximal barbules
of adjacent barbs interlock via their pennulae respectively acting
as hooks and rods. Diffraction at the nanoscale produces struc-
tural coloration. The measurements and observations in [35,53]
demonstrate that light reflecting off of the milli- and microscale
feather substructures contribute to the majority of feather’s far-
field appearance.

Feathers and hair differ distinctly in micro- and nanostruc-
tures. Fig. 4 displays human hairs next to non-iridescent wing
feathers of a Rock Dove, both imaged with a Scanning Elec-
tron Microscope (SEM). These structures differ significantly from
one another and should be expected to reflect light differently.
Nanoscopic imagery using Transmission Electron Microscopy
(TEM) reveals sub-wavelength layers and pockets of
melanosomes, keratin, and air that can cause wave interference
and structural coloration in addition to pigmented color [33,34].
Human hair also has micro- and nanoscopic arrangements of
melanosomes although these are distributed within the cortex of
the hair rather than in complex, layered arrangements as found
in feathers [54].

The main question addressed in this paper is: Is some rep-
resentation of feather microstructures needed qualitatively for
more photorealistic feather rendering? We emphasize the idea
that the substructures, particularly the barbules and their pennu-
lae, contribute significantly to the far-field appearance of feathers,
and therefore, sampling current BSDFs or BCSDFs does not pro-
duce a high-fidelity appearance. We investigate modeling the
reflectance of these important components with a substructure-

based technique in this work.
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Fig. 4. Scanning-electron microscope (SEM) images taken by the authors. Top
row: Human hair at varying scales and cross section. Bottom row: Feather shaft,
barb, and barbule structures; barbule edges; and barb cross section. Note the
complex layered structure of feathers as well as significant differences in shape
and internal composition of a barb cross section versus a hair cross section.

5. Proposed method

This section presents a new technique in approximating micro-
eometry, introduces different tests concerning shading and ren-
ering to represent light scattering on feather components, covers
reparing geometry for rendering, and discusses the environ-
ent for rendering and development. Section 6 compares the

enders resulting from different rendering approaches against
hotographs of real feathers.

.1. Preparation

Several feather specimens were photographed in a controlled
ighting environment for comparison, including the wing covert
f an osprey depicted in Fig. 5. The capture environment is a
ariable-lighting hemisphere equipped with 25 white LED lights
nd custom software for controlling light combinations. The pho-
ographs capture the specular highlights of the feather’s various
arbules and rami due to changes in the incident illumination.
ote that feather structure was not captured using photogram-
etry and structured light because these approaches cannot re-
onstruct the fine substructures; also, in multi-view stereo cap-
ures, some knowledge of the shading model is essential which is
et unknown and a focus of this study. The photographs primarily
erve as reference images for qualitative comparison in this study.
Microscopic images of feather specimens were also taken, and

ig. 6 consists of more SEM images of a Rock Dove feather. The left
mage includes several adjacent views from the dorsal (externally
acing, away from the body) side of the feather; the top shows
he ventral (opposite of dorsal) side of a single barb (based on
he hooklets curling towards the sensor); and the bottom shows
he cross sections of the shaft and adjacent barbs and their rami
acing towards the calamus or base of the feather. These images
rovide insight into the substructure arrangement that inspired
he technique presented here.

We created synthetic versions of the osprey feather along
ith a Turkey Vulture back-covert feather and a Rock Dove wing

eather based on an implementation of the procedural-geometry
eneration presented in [51]. Models from this approach are
omposed of a series of B-spline curves with one central curve
epresenting the shaft and many adjacent branching curves for
he barbs. Note that these curve-based models do not precisely
atch the real specimens in number of barbs due to limitations

n capturing fine structures. The geometric models are placed
n a virtual scene with a simulated dome matching the real-
orld lighting hemisphere, lighting in a similar manner to the
hotographed conditions.
4

Fig. 5. Sample of photographs captured with the dome under varying
illumination. Note the changes in specular highlights on the microstructures.

5.2. Shading and rendering

In this paper we compare two different approaches of rep-
resenting the far-field light scattering of feathers: rendering the
shaft with barb curves only using a hair model as has been done
typically elsewhere and rendering the shaft as hair and the barbs
with a proposed substructure-based technique that simulates
the barbules and rami. (The choice of using a hair BCSDF for
the substructures and addressing its limitations is explained in
Section 5.4.)

The first approach to shading the feather involves a direct
application of the Marschner hair model to the geometric rep-
resentation of barbs alone as cylindrical fibers, and it serves as
the reference point for comparing improvements arising from
the proposed substructure-based method. A projected texture of
low-frequency albedo based on an image taken under diffuse,
cross-polarized conditions in the lighting dome is used to drive
the model’s coloration.

The proposed substructure-based technique takes the same
barbs-only, geometric model as in the first approach. However,
it incorporates the effects of microscopic geometry for barbules
that lie within the outer simplified cylindrical representation for
a given barb. This is explained further in Section 5.3.

Explicitly creating barbule geometry could be closer to vi-
sual fidelity, and including barbules by some method is still
significant. That level of micro-geometry even simplified is very
expensive to handle, though; hundreds or thousands of curves,
times hundreds or thousands more, even instanced, may not be
desired.

5.3. The proposed substructure-based technique

In general the proposed technique performs two steps at shad-
ing evaluations. At first, we traverse the feather geometry to
determine the locations of simplified substructure shapes. Next,
we shade the located substructure shapes as individual fibers.
This approach is physically inspired by the presence of feather
substructures but is a simplification of both the arrangement and
reflectance of those substructures. We describe this approach as
a shading ‘‘technique’’ because we do not yet present a fully
developed scattering model for feather-light interactions.

Feather Geometry Traversal: For the given shading location,
within the shader program, we first traverse the feather geometry
to determine the structural element being sampled through the
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Fig. 6. SEM images of a Rock Dove feather. Left: Interlocked barbs (dorsal view)
spanning about 4 mm horizontally. Top: Section of a single barb (ventral view)
about 11 mm wide. Bottom: Cross section of shaft and barbs about 20 mm wide.
Conventions used in this work are illustrated over the SEM captures: barbule
elevation and azimuth (purple angles), barb orientation (larger axes), barbule
orientation (smaller axes). Green indicates the tangent, red the bitangent, and
blue the normal. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

pixel being rendered. As discussed in Section 2, a single barb con-
tains a central ramus and proximal and distal barbules branching
from the ramus (see Fig. 2). Fig. 6 depicts these structures with
SEM images and labels for angles and local axes, and this con-
vention is applied to the proposed shading technique. Similar
notation is used for describing ramus and barbule shading frames
as indicated by the pairs of larger (ramus) and smaller (barbule)
axes drawn in Fig. 6. Instead of explicitly defining geometry, the
proposed technique uses the parametric coordinates of points
sampled with path tracing along the cylindrical curve that bounds
a single barb of a feather. The parametric coordinates determine
which micro-structure (distal barbule, proximal barbule, or ra-
mus) is sampled, and the sampled curve orientation is modified
accordingly for shading.

The local positions and transformations of the ramus and
roximal and distal barbules within a barb are computed first.
f the point currently sampled on the barb curve also lies on the
amus of the barb, it assumes the same eccentricity as defined
or the entire barb curve and is sampled using the curve tangent
ˆ, normal n̂, and bitangent b̂. If the point is located within the
periodically defined areas of the barbules, that portion of the
curve is shaded using an altered orientation with barbule tangent
t̂b, normal n̂b, and bitangent n̂b which vary on whether the bar-
bule is distal or proximal. If the sampled point is neither a part
of a barbule or the ramus, it is evaluated as pure transparency,
say T . We choose to treat the ramus and barbules as cylindrical
hair fibers in our method. This simplification along with other
approximations devised in our method are discussed further in
the next subsection, 5.4.

The placement and orientation of substructures can be con-
trolled through user defined parameters for the ramus and bar-
bule radii, barbule elevation θb (rotation away from barb tangent),
arbule azimuth φb (lift away from vane using the barb bitan-
ent), and a flag indicating whether a barb belongs to the left or
ight vane of a feather. The angles discussed here are illustrated
ver the SEM images in Fig. 6. A ramus-barbule geometric term,
b(u, v, n̂b, t̂b) is computed based these user-defined attributes,
he parametric (u, v) coordinates of the sampled point along the
arb curve, and the corresponding orientation to determine if
he point lies on a ramus, barbule, or neither; see Algorithm 1
or details. Restrictions on (u, v) are based on where the ramus
ies centered along curve’s width (between bounds u0 and u1
here for a barbule u ∈ [0, u0] ∪ [u1, 1]) and the portion of
the curve’s length where the barbule base connects to the ramus

5

between bounds v0base and v1base. A barbule direction from base
to tip and the distance the sampled point is along the barb are
found and used for determining the exact restriction on v (where
v ∈ [v0, v1]).
Data: num barbules per vane N; barbule and ramus radii rb, rr ;

barb orientation t̂ , n̂, b̂; barbule angles θb, φb; flag
whichVane

esult: flags isBarbule, isRamus, isDistal

isRamus = isBarbule = isDistal = False;
Find bounds u0, u1 along curve width;
Set isDistal using whichVane and u;

if u <= u0 or u1 <= u then
t̂b = BarbuleOrientation(t̂, n̂, b̂, θb, φb, isDistal);
Find bounds v0, v1 along curve length using distance along
barbule;
if v0 <= v and v <= v1 then

isBarbule = True;
end

end
else

isRamus = True;
end

Algorithm 1: Ramus-barbule geometric term Gb(u, v, n̂b, t̂b) de-
ermining the locations of barb substructures and using the
arbule-orientation function in Algorithm 2.
Algorithm 2 computes the barbule orientation t̂b, n̂b, b̂b based

n the barb’s orientation and barbule angles θb, φb. These axes are
ltered if the barbule is distal to simulate the curve of the tip with
ooks, rotating t̂b about n̂ based on how far away the sampled
oint is along the hooked tip of the barbule (pennula). Using the
eometric information deduced from this traversal step, our next
tep performs substructure shading.
ata: t̂, n̂, b̂, θb, φb, isDistal
esult: t̂b, n̂b, b̂b

ˆb = Rotate t̂ about n̂ by θb then about b̂ by φb;
ˆb = n̂ × t̂b;
ˆb = t̂b × b̂b;

f isDistal == True then
θhook = t ∗

π
2 where t is distance along hooked portion of

barbule;
t̂b = Rotate t̂b about n̂ by θhook;

nd

lgorithm 2: Barbule-orientation function for determining the
ew tangent, normal, and bitangent of a barbule.
Substructure Shading: The above traversal step clearly estab-

ishes the shape, location, and orientation of the substructure be-
ng sampled. The radiance returned during shading is now calcu-
ated as if each substructure were a unique fiber to sample. Eq. (1)
escribes the substructure-based technique SB(θi, φi; θr , φr ) (S for

‘‘scattering’’ and B for ‘‘barb’’) based on the Marschner hair-
scattering model (denoted here with H for ‘‘hair’’) SH (θi, φi; θr , φr )
and driven by a ramus-barbule geometric term Gb(u, v, n̂b, t̂b)
summarized in Algorithms 1 and 2 and illustrated in Fig. 3.

SB(θi, φi; θr , φr ) =

⎧⎨⎩ SH (θi, φi, θr , φr |t̂, n̂, b̂) isRamus
SH (θi, φi, θr , φr |t̂b, n̂b, b̂b) isBarbule
T (θi, φi, θr , φr |η = 1) otherwise

(1)

The Marschner model SH describes the hair scattering in terms of
longitudinal and azimuthal scattering for the reflection (R), trans-
mission (TT), and transmission–reflection (TRT) specular lobes
based on the incident and reflected directions (θ , φ ) and (θ , φ )
i i r r
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Fig. 7. Turkey Vulture feather photographed (left) and rendered (right) with the
left vane using the substructure-based technique and the right vane as hair.

along with a tilt of the overlapping scales on a hair’s surface and
an eccentricity describing the shape of its cross section [21]. Using
Eq. (1), we achieve final shading through an on-the-fly, substruc-
ture adapted realization of the Marschner model for scattering or
by entirely skipping it for a transmission path.

5.4. Justification of simplifications

This technique is a fundamental approach to developing a
feather-specific shader. The Marschner hair-shading model was
chosen as a basis due to its common use in the production
industry for attempting to render photorealistic feathers, that
implementations and variations are readily available, and that
the model is well understood by many. The Marschner BCSDF,
of course, models circular cross-sections like hair. The shape of
the ramus, though, differs greatly and thus its reflectance and
transmittance likely are not well modeled by a BCSDF, including
even more recent fiber models that model larger eccentricity.
(Note the unique, elongated shape of the rami cross sections in
the bottom image of Fig. 6.) The shaft cross section of a more
elliptical shape is in the center of this image. As a readily available
implementation, though, and an efficient model on which to
base this initial work, a Marschner-like model across the various
scales of the structures of feathers could possibly generate sim-
ilar far-field effects to those desired. Additional simplifications
are taken in both the curve-based geometric representation of
barbule shape and also in the periodic-based simulation in the
presented method. Although additional physical data collection
could provide insight, we demonstrate in the results section
that the proposed approach already produces a high degree of
photo-realism versus the current state-of-the-art.

5.5. Rendering and development environment

Pixar Animation Studio’s RenderMan [55] is used here for
rendering. The new architecture since RenderMan 21 is path
traced and provides a ‘‘BxDF’’ (Bidirectional x Distribution Func-
ion) interface for introducing new material models. We use
his interface along with the included hair implementations and
enderMan for Maya plug-in.
The barb and barbule curves of the feather geometry rendered

s hair use the PxrMarschnerHair BxDF. The implementation of
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Fig. 8. Portion of Rock Dove feather photographed (left), modeled and rendered
with curves as hair (middle) and with curves simulating barbules and rami using
the proposed substructure-based technique (right).

this material is described in a Pixar Technical Memo [26]. The
substructure-based technique is implemented as a custom Ren-
derMan BxDF. More specifically, it is a variation of PxrHair, a
simplified version of PxrMarschnerHair publicly available with
the RenderMan source code Examples.

6. Results

6.1. Comparisons

Fig. 1 shows portions of the osprey feather as the original
photograph with all dome lights on (left) and the model of barb
curves rendered as hair fibers (middle) and with the proposed
BCSDF simulating rami and distal and proximal barbs and bar-
bules (right). Note the variation in specularity in the original
that the middle hair-fiber approach does not represent, but the
proposed method demonstrates at least partially.

Fig. 7 displays a photograph (left) of a Turkey Vulture back
feather and a corresponding rendered model (right) where the
left vane is shaded using the substructure-based technique and
the right vane as hair fibers. Fig. 8 compares a portion of a pho-
tograph of a Rock Dove wing feather with two rendered versions
using a hair model and the proposed method. For both feathers
the same curve width parameter was used for the hair and
substructure versions. The proposed substructure-based method
creates far-field glints more similar to those captured in the
photographs.

6.2. Discussion, limitations, and future work

We show that representing light reflected from the substruc-
tures of feathers is significant in achieving photo-realistic renders
of synthesized feathers. Although the approach of treating feather
barbs as individual hair fibers has been used throughout pro-
duction, a simple hair model does not accurately describe the
far-field reflectance of a feather due to the specularity of the
barbules and rami of barbs as shown in Figs. 1, 7, and 8. This is
due to a large portion of reflected radiance originating from the
barbules, and current BCSDF approaches do not represent such
substructures.

The renders synthesized with the new technique reach a
greater photo fidelity than barb-curve renders alone, even with
a cylindrical BCSDF that is an overly basic approximation to the
underlying micro-structure shapes.

Like many existing BxDF models (e.g. [9,11–13,17,18,21]), our
method does not explicitly evaluate multi-scale rendering effects.
Also, we do not explicitly model interactions across multiple
substructures within a barb. A light transport framework for
modeling global illumination should however be able to accom-
modate these limitations with adequate sampling either directly
or through simple adaptations; this would be a direction of future

research.
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At a much broader level and after this initial investigation
ddressing the need for representing feather micro-structures, we
resent several key research questions related to developing a full
eather appearance model.

1. Could using a different BCSDF such as one that includes
more eccentricity/azimuthal scattering get closer? (This is
unlikely since it does not represent the large percentage
of far-field reflectance contributed by the distal barbules,
pennulae, and proximal barbules.)

2. Could we represent the missing components in a BTF-like
model representative of the substructures?

3. Would (3) be better done using barbule curves in simple
or more advanced shapes along with a BCSDF? And if so,
what type of BCSDF would give best results? Are models
with more complex azimuthal scattering better and by how
much?

4. How would a full geometric representation of distal bar-
bules, pennulae, and proximal barbules compare to the
approaches above?

5. What is the compared efficiency of different approaches?
What are the best approaches for various applications and
why?

Each of these open research questions serve an interesting
irection for future work.

. Conclusions

We conclude that the curves rendered using the proposed
ubstructure-based method reach greater photo-fidelity versus
sing a hair model on individual barb curves as has been typically
one so far; this is due to the total light scattered from the sub-
tructures that make up a single barb contributing to the overall
ppearance. Rendering these microstructures without explicitly
odeling them represents a fundamental improvement in the
on-structural-color rendering of feathers and a basis that will
erve for future investigations, particularly concerning structural
oloration and wave interference.
In future work we seek to include a wider variety of feathers,
more elaborate scattering distribution term that matches the
on-cylindrical shapes shown by SEM, improved models for each
eather component, a far-field aggregated BSDF, and wave-optics
odels for both blues and iridescent responses, also with varying
ffective viewing angles to adapt the proposed method for a
arger variety of feathers.

Lastly, creating a fully detailed geometric representation of
istal barbules, pennulae, and proximal barbules could be useful
or testing and evaluating future models. This might be achieved
ith the aid of volumetric micro-CT scans.
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