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Fig. 1. Our method enables real-time rendering of complex, realistic feathers. We demonstrate a full scene containing two parrots with approximately 6,250
feathers. An explicitly modeled fiber-geometry representation would require 1.91 TB of memory, whereas our method uses only 200 MB, which is only about
0.02% of the memory footprint. We also present close-up views of various feather types, comparing captured reference images with our rendered results, which

demonstrate accurate reproduction of real feather appearance.

We propose a complete pipeline for modeling and rendering realistic bird
feathers from a single photograph, achieving both high visual fidelity and
practical efficiency. Given a single input image of a feather, our approach
extracts the feather’s shaft curve, outline, and albedo, then reconstructs a
compact hierarchical representation in a planar/curve (UV) domain. This
representation encodes fine barb and barbule details procedurally, enabling
continuous multiscale rendering with correct self-shadowing and masking.
We analyze the appearance phenomena of different feathers and propose a
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new feather scattering model for non-iridescent feathers (e.g., parrot feath-
ers), while introducing an additional sheen lobe to capture the distinctive
fluffy rim-lighting effect. Our pipeline produces consistent, realistic results
under arbitrary lighting and viewing conditions, and achieves real-time per-
formance with a minimal memory footprint (0.02% of explicit-fiber geometry
models), making it a practical solution for digital feather rendering without
compromising realism.
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1 Introduction

Bird feathers exhibit rich visual appearances due to their hierarchi-
cal structure and complex light-scattering behavior. Each feather
consists of a central shaft (rachis) with numerous barbs growing
from either side, and each barb further branches into dense barbules,
forming a multi-scale hierarchical geometric structure. This hierar-
chy, together with the feather’s intrinsic material properties, gives
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rise to complex scattering phenomena, producing a soft appearance
and strong view-dependent effects. In some species, feathers even
display vivid structural coloration. Accurately reproducing these
phenomena is crucial for realistic digital birds in film, games, and
virtual reality; however, doing so remains challenging because of
the tightly coupled geometric and optical complexity.

Existing feather modeling and rendering methods often struggle
to balance realism, efficiency, and practicality. Some approaches
rely on overly simplified geometric representations—approximating
a feather as coarse curves or planar surfaces—and therefore fail
to capture key appearance cues introduced by barbs and barbules
[Baron et al. 2022; Franco and Walter 2002; Padrén-Griffe et al. 2024].
Other methods explicitly model individual fibers or adopt wave-
optics interference models to reproduce structural colors observed
in specific species [Huang et al. 2022; Yu et al. 2024]. Although these
methods can achieve high physical accuracy, they are computation-
ally expensive and typically require complex grooming procedures
or specialized simulations, which limits scalability and practical use.
Texture- or BTF-based techniques [Chen et al. 2002; Franco and Wal-
ter 2007] can produce convincing results under fixed lighting, but
they often entangle illumination with material appearance, reducing
generalization to novel viewpoints and lighting conditions.

In this paper, we present a practical and efficient framework for
feather modeling and rendering. Instead of explicitly reconstructing
every barb and barbule, we leverage the feather’s inherent hierar-
chical structure to build a compact and scalable appearance repre-
sentation. Given a single image, we automatically extract intrinsic
properties, including the albedo, the central rachis curve, and the
overall silhouette. We then parameterize the feather into a 2D UV
domain and procedurally encode fine-scale details. This represen-
tation supports efficient point and area queries, enabling seamless
multi-scale rendering: it preserves high-frequency details at close
viewing distances while avoiding aliasing at far distances. We also
design an analytical method to account for self-occlusion (mask-
ing) between barbs and barbules, ensuring stable energy behav-
ior and consistent appearance under varying viewing and lighting
directions. For appearance modeling, we develop a novel feather
bidirectional curve scattering distribution function (BCSDF) for non-
iridescent structurally colored feathers, such as parrot feathers. We
introduce an additional sheen lobe to capture the characteristic
edge glints produced by dense barbules at grazing angles, which is
essential for reproducing the soft, fluffy appearance of real feathers.
Combined with geometric-level masking and our area-query integra-
tion, the proposed BCSDF yields consistent multi-view appearance
and faithfully captures multi-level visual effects. We further derive
an analytic BCSDF formulation for the area-query case to ensure
correct aggregated shading across scales. Our method enables real-
time, high-fidelity feather rendering, and we demonstrate results on
both entire birds and individual feathers. The rendered appearance
closely matches real feather photographs, reproducing subtle details
such as sheen and the smooth attenuation of fluffiness along feather
edges. Our approach is also highly efficient: we achieve 52.8 FPS
when rendering full parrots with high-fidelity appearance, while
using only about 0.1% of the memory required by explicitly modeled
feather geometry. In summary, our main contributions are:
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e A hierarchical, procedural feather representation that sup-
ports efficient range queries and continuous level-of-detail
rendering, while accurately preserving masking effects.

e A novel feather BCSDF that incorporates a sheen lobe and
structural barb attributes, enabling faithful reproduction of
flufty appearance and highly saturated colors, validated against
real photographs and spectral measurements.

o A single-image-based pipeline for feather modeling and ren-
dering that automatically extracts structural and intrinsic
appearance information and achieves real-time, realistic ren-
dering.

2 Related Work
2.1 Feather Geometry and Appearance Modeling

Early feather rendering work focuses on explicit geometric hierar-
chies and image-based appearance models. Chen et al. [2002] intro-
duced an L-system based feather model and an efficient BTF formu-
lation to capture visible micro-structure. Streit and Heidrich [2002]
proposed a biologically-parameterized model that supports intuitive
control and multi-level detail.

Several methods use parametric curves to represent feather ge-
ometry. Franco and Walter [2002] modeled individual feathers using
parameterized Bézier curves. To synthesize pigmentation patterns,
Franco and Walter [2007] combined a parametric feather layout with
procedural pattern generation. Haapaoja and Genzwiirker [2019]
presented a pipeline for generating and animating groomed feathers.
Baron et al. [2021] proposed procedural shading to approximate
feather micro-structure effects without explicitly modeling all de-
tails, and later extended this direction with microstructure-based
appearance rendering [Baron et al. 2022]. Several works model iri-
descent feather appearance. Huang et al. [2022] proposed a feather-
specific BSDF that statistically captures barbule-scale structures
and supports importance sampling at render time. Yu et al. [2024]
modeled iridescent feathers with diverse nanostructures for more
natural variation. Padrén-Griffe et al. [2024] proposed a surface-
based appearance model for pennaceous feathers that improves
efficiency in the far field. In contrast, our work targets a practical
single-image pipeline and a compact hierarchical representation that
remains stable under varying viewpoints and illumination, while
also addressing saturated and near-fluorescent feather colors.

2.2 Hair and Fur Rendering

Hair and fur rendering has been extensively studied, with a focus
on modeling light scattering from individual fibers. Marschner et
al. [2003] introduced a classical BCSDF that models multiple re-
flection and transmission paths within a cylindrical fiber, and has
been widely adopted for human hair rendering. However, the model
assumes a solid circular cross-section and primarily accounts for
single-fiber scattering, which limits its applicability to light-colored
and optically sparse animal fur. Yan et al. [2015] observed that many
animal fur fibers contain an inner medulla that significantly affects
internal scattering. They introduced a dual-cylinder fiber model that
produces broader and softer reflectance lobes, improving the appear-
ance of light-colored fur. Chiang et al. [2016] further compressed
high-order scattering effects into an energy compensation term,



PIGMENT
GRANULES

(a) Pigment-based color

o (l){é\TTEX Geometric optics « Cardinal, Flamingo
N (b) Non-iridescent structural color
MELANIN .
RODULES ‘Wave /geo approx. * Parrot, Kingfisher
AYE!

(c) Iridescent structural color

KERATIN Wave optics only * Peacock, Hummingbird

LAYERS ©

Fig. 2. Three types of feather coloration: pigment-based color, non-iridescent
structural color and iridescent structural color. The illustration is adapted
from Busch [2024].

achieving a practical balance between visual fidelity and perfor-
mance. While these models capture many aspects of fiber scattering,
they are designed for hair and fur and do not directly generalize
to feather structures, which exhibit flattened barbs, dense barbules,
and additional optical effects such as rim sheen and fluorescence.
Our work builds upon insights from hair and fur scattering models,
but introduces a feather-specific BCSDF that explicitly accounts for
barbule structure, internal scattering, and saturated appearance.

2.3 Procedural Texture

Procedural texturing represents surface detail using analytic func-
tions instead of explicit images, enabling compact storage, infinite
detail, and constant-time random access at arbitrary spatial coordi-
nates [Lagae et al. 2010; Perlin 1985]. Classical approaches such as
noise-based and solid textures have been widely used to generate
patterns like wood, marble, and terrain while supporting efficient
point evaluation and analytic filtering [Lagae et al. 2009; Liu et al.
2016; Peachey 1985; Perlin 1985].

Several works extend procedural textures to support region-based
queries and appearance aggregation, allowing filtered or MIP-mapped
results to be computed in constant time and making them suitable
for level-of-detail rendering [Wang et al. 2020]. More recently, neu-
ral procedural textures learn continuous mappings from spatial
coordinates to appearance attributes, combining the flexibility of
procedural models with data-driven expressiveness while retaining
random-access evaluation [Henzler et al. 2020]. However, most pro-
cedural texture methods focus on spatial color or normal variation
and treat reflectance separately from pattern generation [Henzler
et al. 2020; Lagae et al. 2010]. In contrast, our approach encodes
position-dependent reflectance directly in a procedural representa-
tion, enabling efficient point and region queries while supporting
view-dependent appearance within a unified framework.

3 Background and Motivation
3.1 Feather Hierarchy Structure
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Bird feathers have a clear multi-
level structure: a central shaft
(rachis) with rows of barbs on each
side, and finer barbules branching
from each barb [Lucas 1972] (Fig. 3).
In flight feathers, adjacent barbules
can interlock, keeping the vane
surface continuous and smooth,
providing the structural support
needed for flight [Ennos et al. 1995;
Lucas 1972]. By contrast, downy
feathers typically do not form a
tightly interlocked vane, which are
usually hidden and not visible for
birds. [Hendrickx-Rodriguez and
Lentink 2025]. Their structure re-
mains loose and fluffy, making them
good for keeping warm.

This geometric complexity will
strongly influence a feather’s ap-
pearance. The overall shape (rachis
and barbs) defines the silhouette
and large-scale reflections, while
the tiny interlocking barbules form
a fine fringe at the edges, which
catches light and gives the feather a
subtle sheen. Modeling every barbule explicitly is often impractical
(for a single feather, we need around 200MB to model the detailed hi-
erarchical structure), so computer graphics employs a mix of explicit
and implicit representations to balance realism and performance.
For example, in real-time applications, it is common to use flat
polygonal “feather cards” with alpha-mapped textures to suggest
barbs and barbules. Some systems extend this with shell texturing,
stacking semi-transparent textured layers to mimic feather volume
and depth [Lengyel et al. 2001]. These impostor-based methods are
fast but tend to look flat, missing depth cues like self-shadowing
and parallax.

Fig. 3. lllustration of the
multi-level structure of a typ-
ical flight feather. Hundreds
of barbs grow on each side
of a central shaft (rachis),
and barbules branch from
each barb. The feather dia-
gram is adapted from Raf-
ferty [2025].

3.2 Feather Color Mechanisms (Pigmentary vs. Structural)

As shown in Fig. 2, feather coloration can be summarized as three
primary sets: pigment-based color, non-iridescent structural color
and iridescent structural color [Tinbergen et al. 2013].

Pigment-based color feather. Pigments such as melanins and carote-
noids are natural chemicals inside feathers that absorb certain wave-
lengths of light. They produce built-in colors (brown, red, yellow,
etc.) that are mostly diffuse and angle-independent, mainly varying
with pigment concentration (similar to hair or fur). In rendering,
pigmented feathers can be approximated with fur shading models
introduced by Yan et al. [2017].

In contrast, structural colors are generated by the feather’s nano-
structure rather than pigments. These occur in two forms: non-
iridescent structural color and iridescent structural color.

Non-iridescent structural color feather. Non-iridescent structural
color results from incoherent scattering of light by microscopic
air/keratin structures in the feather barb. Certain feather barbs
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contain a spongy medulla that selectively reinforces shorter wave-
lengths by constructive scattering [Yin et al. 2012]. This produces
brilliant colors (often blue or blue-green) with high saturation. No-
tably, many birds that appear blue (e.g., bluebirds, blue jays) have no
blue pigment at all; the color comes purely from this nano-structure.
The key characteristic of non-iridescent structural color is that it is
angle-independent: the color looks the same from different view-
ing directions (hence “non-iridescent”). That is the reason why we
can approximate this phenomenon under a geometry optical ren-
dering framework, and in this paper we derive a new BCSDF model
to approximate this phenomenon. However, these feathers usually
have a deep melanin layer underlying the spongy structure, which
absorbs light that penetrates through. As a result, the feather’s front
side shows a vivid color, while the back side appears dark or dull
(Fig. 11).

Iridescent structural color feather. Iridescent structural color arises
from highly ordered nanostructures that cause coherent interference
effects. Here, the feather’s barbules (or sometimes the barb cortex)
contain multilayered thin films or photonic crystal-like arrays of
melanin and keratin. When light waves reflect within these periodic
structures, certain wavelengths constructively interfere while others
cancel out, producing intense, narrow-band color that shifts with
viewing angle [Hirayama et al. 2001]. In computer graphics, cap-
turing iridescence requires a spectral, angle-dependent reflectance
model. Prior work has modeled bird feather iridescence by simulat-
ing thin-film interference in the barbule structure [Yu et al. 2024], or
by measuring and tabulating the feather’s bidirectional reflectance
and building a wave optics based shader.

3.3 Hair and Fur Scattering Models as a Foundation

Feathers share similarities with collections of narrow fibers (the
barbs and barbules). Marschner et al. [2003] introduced a physically
based BCSDF for hair fibers. In this model, each hair strand is treated
as a translucent dielectric cylinder, with three dominant scattering
modes (lobes): the R lobe, which is light reflecting off the surface of
the fiber (producing the primary, typically white shine); the TT lobe,
where light transmits through the fiber (entering and exiting, akin
to forward scattering, often creating a translucent glow especially
under backlight); and the TRT lobe, where light enters, reflects
once inside, then exits (producing a secondary, often reddish-tinted
highlight due to absorption by pigments in the fiber). This multi-lobe
BCSDF captures characteristic hair effects like the color secondary
highlight and soft backlit appearance that simpler models could not
reproduce.

Building on this, Yan et al. [2017] extended the hair model to
account for structural differences in animal fur. Unlike human hair,
many animal hairs have a significant medulla (an inner core of air-
filled or scattering material) which behaves like the pigment-based
color feather. Yan’s model adds two additional lobes to represent
light that scatters within the medulla: a transmitted-scattering lobe
(TT?) for light that goes through the fiber and scatters internally, and
a reflected-scattering lobe (TRT?) for light that reflects internally
and then scatters out through the medulla. These extra paths explain
the more diffuse, desaturated look of fur that the original Marschner
model could not fully capture.
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Table 1. Parameters Definition for feather geometry and UV-to-canonical
mapping.

Symbol Definition

r, b, bl  Notations of rachis, barb and barbule
bd, bp  Distal/proximal barbules (b! if undistinguished)

P Feather contour polyline
Fp Feather rachis centerline
Np Barb count along the rachis
dpi Barbule spacing parameter along the barb
ap Barb orientation angle
ap; Barbule angle offset w.r.t. the barb

rr Ty, p Radius of rachis, barb and barbule
ny Barb normal (cos ap, sin ap)
up Barb direction (—sin(ap), cos(ap))
ny; Barbule normal (includes nyq and ny,,)
Npa Distal barbule normal (cos(ap — ap;), sin(ap — apy))
nyp Proximal barbule normal (cos(ap + ap;), sin(ap + ap;))

Db Barb period (gap), pp = sin(ap)/Np

Dbl Barbule period (gap), ppr = dp; sin(ap;)

U UV space on the feather surface

C Canonical space

M UV-to-canonical map: (x,y) = (u — Fp(v) + 0.5, v)

Motivated by this background, we aim to address the geometric
and appearance complexity of feathers by enabling fast yet high-
fidelity appearance queries without explicitly modeling the full
multi-level hierarchy. In particular, we seek a compact, physically
motivated representation that preserves the dominant visual cues
while remaining efficient for rendering. In this paper we present
two sets of results: pigment-color feathers and non-iridescent struc-
turally color feathers. For pigment coloration, we directly use the
hair model of Yan et al. [2017], but with modulated refractive index
to approximate eccentricity for the flat, high-aspect-ratio fiber ge-
ometry of feather barbs and barbules (much flatter than human hair).
For non-iridescent structural coloration, we introduce a new BCSDF
model in Sec. 6.1 by modifying the medulla representation: the front
side (i.e., the feather’s outward-facing direction) is modeled as a
specular reflective layer, while the medulla itself is treated as a fully
black absorbing layer. Fig. 5 shows our complete pipeline.

4 Geometric Representation

As discussed in Sec. 3.1, feather microstructures are complex and dif-
ficult to model explicitly, yet their geometric organization is highly
regular: barbs are approximately parallel, and barbules are densely
packed and consistently aligned within each barb. This regularity
enables procedural and analytic approximations, whereas explicit
micro-geometry incurs high costs for intersections, visibility, and
shading. We therefore propose an implicit procedural feather repre-
sentation that encodes a complete feather using a single UV-mapped
rectangle, while supporting efficient point and range queries, contin-
uous level-of-detail rendering, and accurate shadowing and masking
effects. As defined in Table 1 and Fig. 6, we summarize key parame-
ters used throughout this section. Most parameters are adopted with
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Fig. 4. lllustration of our feather parameters extraction. Given a feather
capture as input, we first obtain a mask according to the color and take its
boundary as the contour. To extract the rachis, we build a per-pixel score
map and find a line path formed by the most possible pixels. The extracted
rachis and contour are shown in blue and green. The albedo is obtained
through performing a Gaussian blur on the input.

tuning from literature (e.g., Baron and Patterson [2019] and Broggi
et al. [2011]), except for the albedo, contour and rachis automatically
extracted from pictures. Since a feather is split into left and right
sides by its central rachis, which can be defined by the same kind
of parameters, we only focus on one side for the feather geometry.

4.1 Image Cue Extraction

If we already have a feather modeled by the artist, we can directly
obtain its albedo, rachis and contour. Otherwise, we extract them
from a single captured feather image as in Fig 4. The image should
contain a single, fully visible feather, not partially occluded feathers
in whole-bird images. Specifically, we recover (i) a clean albedo map,
(ii) mask and outer contour, and (iii) a smooth rachis centerline,
which together provide stable inputs for canonical mapping and
downstream queries.

Our extraction follows a three-stage process. First, we prepro-
cess the image and segment the feather region to obtain a binary
mask. Second, we recover the outer contour from the mask and
resample it uniformly in arc length to obtain an ordered contour
representation. Third, we estimate the rachis by constructing a
cue-fused centerline score map inside the mask and solving for
a mask-constrained minimum-cost path, followed by lightweight
refinement and smoothing. This formulation avoids dataset-level
landmarking while remaining robust to noise and occlusion.

Albedo. Since our representation does not explicitly reconstruct
barb and barbule geometry, fine-scale shadows and streaks induced
by the micro-structure would otherwise contaminate color estima-
tion in the input image. To obtain a base appearance that remains
stable across levels of detail, we define albedo as a low-frequency
color field decoupled from the micro-structure, and extract it us-
ing a Gaussian low-pass filter. The resulting albedo preserves the
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feather’s large-scale color variation while substantially suppressing
high-frequency fluctuations caused by the micro-structure.

Mask and contour. We segment the input image to obtain a clean
binary silhouette mask of the feather. This mask constrains rachis es-
timation and all subsequent procedural steps to valid feather pixels.
We first normalize the input resolution and apply an edge-preserving
denoiser to reduce texture noise while preserving boundaries. To
improve feather background separation, we enhance local contrast
with luminance-adaptive histogram equalization in a perceptual
color space. We then segment the feather region in two steps: an
HSV color threshold provides a coarse mask, and an Otsu intensity
threshold [Otsu et al. 1975] refines the boundary. Then we clean the
mask with morphological opening/closing and remove small con-
nected components to obtain a single, connected silhouette. From
the silhouette mask, we extract the largest external contour using
the border-following method of Suzuki and Abe [1985], yielding an
ordered boundary polyline. We resample this contour uniformly in
arc length to obtain a fixed-length polyline. The silhouette mask de-
fines the valid domain for rachis centerline search and downstream
queries, while the resampled polyline provides a stable boundary
representation for normalization and for clamping the procedurally
generated structure to the feather silhouette.

Rachis estimation. We estimate the rachis as a smooth centerline
inside the feather mask, driven by a dense score map. We observed
that rachis has the following three features. First, the rachis forms
a contrast with the vane. Second, its direction roughly aligns with
the feather main direction. Third, it is not located at the boundary
of a feather, and is usually the centerline of a feather. Considering
these features, we build a score map for all the positions x of the
image based on three cues: a vesselness response v(x) by Frangi
filtering [Frangi et al. 1998], an alignment term a(x) = t(X) - tmain
that favors directions consistent with the feather’s main direction,
and a distance d(x) from the mask to the current point. We multiply
these cues and normalize:

S(x) = v(x) a(x) d(x), 1

where S(x) is the per-pixel likelihood of the rachis.

To obtain a globally consistent centerline, we convert the score
map to a cost image and solve for a minimum-cost path between
the two feather endpoints, constrained to stay inside the mask.
This produces a robust initial rachis even under noise and partial
occlusion. We then resample the path uniformly in arc length and
refine it with a few iterations. At each sample, we search only along
the local normal direction to maximize a local objective based on
the score, with regularization that limits large normal offsets and
large changes between neighboring samples. We estimate sub-pixel
updates with a simple quadratic fit (e.g., a three-point parabolic
fit). After each iteration, we smooth the path along the curve to
remove high-frequency jitter. This alternating local fitting and global
smoothing balances image evidence with geometric regularity.

If the refined path does not exactly reach the mask endpoints,
we complete it with short mask-constrained connecting segments
to ensure connectivity. Finally, we remove duplicates, order the
samples consistently, and fit a smooth parametric spline F,, as rachis.
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Fig. 5. The complete pipeline of our method. We first extract and match the parameters from an input feather capture, including contour, rachis and albedo
in the UV space, geometry parameters in the canonical space and appearance parameters for the BCSDF. With these parameters determined, to render a
feather defined on a surface, we take the pixel footprint in the UV space as a Gaussian and map it to the canonical space, where we can perform range query
efficiently with simple parameters. The range query returns weight of each feather component, and we evaluate our appearance with the weights using
suitable feather BCSDFs (Ours or Yan et al. [Yan et al. 2017]) with sheen term and we finally obtain the rendering result.

ip
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Fig. 6. Our geometry parameters and space mapping for range query. In
the UV space, we define a rachis curve Fp and a closed polyline contour
P to determine the shape of a feather. In the canonical space, we define
the parameters of rachis r, barb b, and barbule bl (distal barbule bd and
proximal barbule bp), which are listed in the Table 1. For range query, given
a shading point and its pixel footprint range in the UV space, we map them
to the canonical space according to the rachis curve.

Through the extraction method proposed above, we can obtain
the albedo, rachis and contour from a captured image within a few
seconds in practice.

4.2 Procedural Geometry Representation

Given the extracted contour and rachis from the previous section,
we now define our procedural geometry representation. Since the
rachis and contour can be arbitrary in the UV space, and thus the
barbs and barbules are irregular, making them difficult to query for
efficient rendering, the key idea is to avoid working directly in UV
space U. Instead, we introduce a canonical space C where all the
rachis, barbs and barbules are regular and straight, among which
the rachis is the centerline of the space and the barbs and barbules
are extended from the rachis. Thus, we can define some parameters
in this space to represent feather geometry.
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Inputs in UV space. In U, we represent the feather contour as a
closed polyline P = {v; f‘i 51, and the rachis centerline as a curve
fitted as a 1D function u = Fp(v). These compact representations

provide the constraints needed for mapping and clamping.

Canonical mapping. We define a mapping M : U — C such that
the rachis becomes straight in C. For a UV point P¢; = (u,0), we
define its canonical coordinate P¢ = (x,y) as

x =u—Fp(v) +0.5, y=v0. (2)

This transform is a translation along the u-axis at each v; it intro-
duces no rotation and no non-linear warping. The range of (u,v)
and (x,y) are all from 0 to 1. We use the value of x to determine
which side this point belongs to, and 0.5 corresponds to the rachis
in the canonical representation.

All subsequent geometry construction and appearance queries
are performed in C.

Procedural primitives in canonical space. In C, we approximate
the rachis, barbs, and barbules with straight line primitives. Barb
attachment points are uniformly spaced along the straightened
rachis with distance 1/Nj, and barb orientation is controlled by
ap. For each barb, we place two sets of straight barbules on the
two sides of the barb, using spacing parameter dj; and angle offset
ap; (equivalently, period pp; = dp; sin(ap;) in the normal direction).
We model distal and proximal barbules separately to capture their
layered masking behavior when viewed from the front.

Mapping back and clamping. To place the procedural structure
back in U, we invert the translation: for P¢ = (x,y) we setv =y
and u = x + (v). We then clamp the mapped structure by the
silhouette polyline # to restrict it to the true vane region. This
representation is compact and stable, while preserving the dominant
structural regularities needed for efficient queries, continuous LOD,
and masking effects.



Capture Ours w/ noise

Fig. 7. With our noise-driven contour perturbation, we can match the im-
perfection on the barb’s level of a real feather well.

4.3 Noise-driven Perturbation for Contour

Based on the definition above, we now have a perfect geometry.
However, real feather may have some random gaps on its contour.
To introduce such imperfection, we make some gaps for the feather
contour through a noise control, as in Fig. 7. The gaps are generated
by such a process: first we choose some position to make these gaps,
and then we determine the gap widths. Finally, we define which
direction and how far the gap extends. To achieve this, given a
closed contour #, we uniformly sample hundreds of points vili\i‘{l
on it, and N, is the point number. Then, we sample a 1D noise field
F (1) to distribute a weight to each point:

Ay = F (i), 3)

in practice we use a Perlin noise. According to the weight A,,, we
choose vertices with the top-K values whose indices are I = iy as
the centers of gaps. We use a Gaussian with standard deviation o to
determine the width of each gap, which perturbs neighbour points
around the gap center v;, by

dik = mln(|l - ik|s NZJ - |l - ik|)9
~ d @)
€, = €xp ( - E),

where d;, is the distance between v; and v;,, and ¢;, is the cor-
responding Gaussian weight. We perturb a point when its ¢;, is
greater than le — 3. Therefore we determine the gap width, and
the points inside the gap are mapped to the canonical space to get
the corresponding barb directions, which are then mapped back to
obtain a perturb direction V. To compute the distance of the gap
points extend, we reuse the Gaussian weight ¢;, with an amplitude
Ay. Thus, the perturbed new point is

0] = 0; + Ag€i, V. (5)

5 Geometric Query

To render a feather, we need to know the exact position of a point in
UV space. Therefore, we present a querying approach for capturing
feather microstructure across scales. First, we define a point query
in a canonical feather coordinate system that precisely classifies
any surface point by its distance to the different feather structure,
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clarifying our UV-to-canonical mapping and establishing the foun-
dation for the range-query formulations that follow. Building on
this, we introduce range queries for pixel footprints with adaptive
anti-aliasing. For near-field footprints, an analytic spatial-domain
integration computes the soft coverage of barbs and barbules under
a Gaussian footprint, eliminating flicker and aliasing. For far-field
footprints covering many barbules at once, a frequency-domain for-
mulation efficiently aggregates the periodic contributions of barbule
groups. Together, these query strategies ensure accurate and stable
feather appearance across all viewing distances. Considering the
symmetry of a feather, we only take the left part of a feather as an
example.

5.1 Point Query

Given our canonical-space representation, a point query reduces to
evaluating distances to the analytic primitives (rachis, barbs, and
barbules) in C. For a query point, if its distance to the closest feather
component is smaller than the corresponding radius, we think it is
on that component and then obtain a distance to the component
centerline h [Marschner et al. 2003] for BCSDF. We first map a query
point from UV space to canonical space so that the rachis becomes
the vertical line x = 0.5.

Rachis. For P = (x,y), the distance to the rachis is
drachis = |x - 0~5|~ (6)

Barbs. We compute barb distances in a local barb frame. For the
left vane, the barb normal and direction are n, = (cos @y, sin ap)
and vy, = (—sin ap, cos a). We project the point as P, = (xp, yp) =
(P - vp, P - np). With barb count along the rachis Nj, the distance to
the nearest barb centerline is
B lysNp + 0.5]

Ny ’

The two neighboring barbs that bracket the point are located

at y?elow = |y, Ny | /Ny and y22°% = [y, N;]/Np, which we use to

barb barb
evaluate the two barbule groups attached to these barbs.

@

dpary = |Yp

Barbules. We define the barbule frame by its normal ny; and direc-
tion vy, and project the point as Py = (xps, yp1) = (P - vp, P - npyp).
For the barb at position ypp, its attached barbule group introduces
a phase shift 6 = (0, yparp) - np;. We offset the coordinate by
Y = yp — 8%, The barbule period is py; = dy; sin(ap;), and the
distance to the nearest barbule is

dbarbule = y/ - I.y_ + 0~5prl . (8)
Poi

We evaluate dpgppy1e for both neighboring barbs (below and above).
When viewed from the front, distal barbules occlude proximal bar-
bules, so we test the distal group first.

5.2 Spatial-Domain Range Query

Feather micro-structures (barbs and barbules) are often far below
pixel scale, so explicit geometric intersection or stochastic sampling
can introduce severe aliasing and noise, and tends to flicker un-
der animation. We therefore seek a deterministic range query that
estimates, for each pixel footprint, the expected coverage of four
feather components: rachis w,, barbs wj, distal barbules w;4, and
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proximal barbules wy, which enable stable anti-aliasing without
Monte Carlo sampling. As the pixel footprint may have an arbitrary
shape which is unsuitable for query, we model the pixel footprint
as an anisotropic 2D Gaussian kernel G(x; u, X) with x € R? in
UV coordinates, mean p € R%, and symmetric positive semidefinite
covariance ¥ € R?%2, This Gaussian can be simply mapped to our
canonical space according to the rachis, and we compute cover-
age by integrating this kernel against strip-like indicator functions
derived from our procedural feather geometry.

For efficient integral calculation, all spatial-domain queries are
performed in a local frame aligned with the current barb. Given the
unit barb normal n; and unit barb direction v, (with n, L v3), we

define .

M:(n-?-), z:(s) = Mx, 9)
v, t

so that s measures displacement across barbs (along ny) and ¢ follows

the barb direction (along v;). Under this orthonormal change of

coordinates,

Hs CTSZ Ost

Hz = M[l = 5 Ez = MZMT = 2] (10)
He Ost 0y

where

Ost = nZZub. (11)

2 T 2 T
o5 =n,3np, oy =0, 30,

Barb contribution. We model barbs as an infinite periodic stripe
family in the s direction with period p; and strip half-width ry.
Let the strip centers be ¢y, = kppy, for k; € Z (we translate the
rachis so that the reference barb is centered at s = 0). We denote by

Glqi, g2 .01 = @(%) - CD(%) the probability mass of Gauss-

ian N (u, 0%) over the interval [qi, g2], where ®(-) is the standard
normal CDF. The expected coverage of the barb family under the
Gaussian footprint is

wp = Z /se Gs(s)ds = Z G o5 Se; s s s (12)

kpez 5o kpezZ
where s, = Ck, — > Se = Ckj, + T'p- In practice, we truncate the sum
to stripes within a few standard deviations of the footprint center
by |ck, — ps| < mos with m = 4.

Barbule contribution. A single barbule segment inside a barb gap
is modeled as a tilted strip of half-width ry; with unit normal ny;
and phase ¢, where ¢ is determined by the barbule index within its
group. In the barb-aligned frame (s, t), the signed distance to the
barbule axis can be written as

np -x=as+bt, a=ny -np b=ny-vp. (13)

The barbule occupies the region |np; - x — ¢| < rp; and is truncated
to a finite interval s € [s;, s,] by the two adjacent barbs. For a fixed
s, this condition induces an interval along ¢,

te [A(s), ()], fials) = sort(¢ - “Z ~ro § - “Z o ) (14)

where sort(-, -) returns ordered endpoints and handles the case b < 0
automatically. Under the Gaussian footprint, the exact contribution
of this barbule reduces to a one-dimensional integral along s,

Ibarbute = / " G)GLAS). f(5): s (s), arelds,  (15)
s1
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Fig. 8. Range query is performed in frequency or spatial domain during
rendering. For far-field rendering when a pixel footprint covers at least four
barbs, we choose frequency domain, otherwise we use spatial domain. The
range query is conducted with a Gaussian representing a pixel footprint
mapped to the canonical space, and the rendering results show that switch-
ing the domain can keep the quality while achieving good performance.

where Gs(s) = N (s; jts, 02) is the marginal of the Gaussian along
s, and p5(s), 045 are the conditional Gaussian parameters in the ¢
direction.

A distal or proximal barbule group consists of a set of parallel
barbules with indices k;; € Z and corresponding phases ¢y,,. The
total contribution of the group within a barb gap s € [s;, s,] is the
sum of individual barbule contributions,

wpp = Z Tparbuie(Pryy)» (16)

kp1€Z

where each term is evaluated using Eq. (15). In practice, the infinite
sum is truncated to barbules whose centers lie within a few standard
deviations of the Gaussian footprint. A convenient center index kgl
(whose barbule axis is closest to the Gaussian mean) is estimated
from the approximate alignment condition,

ko ~ b:ut +aps — ¢base (17)

bl Dol 4

where pp; denotes the barbule period of the group and ¢ps. is the
phase of a reference barbule. We then enumerate a symmetric index
range kp; € [kgl — Akpy, kgl + Aky;], with Akp; chosen to cover the
required physical support of the footprint. For disoccluded distal
barbules, weight wpg = wp;.

Since distal barbules occlude proximal ones, the effective proximal
contribution is obtained by subtracting the overlapped measure
from the proximal group sum. For a proximal barbule index kp,, and
a distal index kpgq, let [ﬁ’lzox(s),ff]:ox(s)] and [fl"’l,i“(s),fz‘f,is’(s)]
denote their respective t-intervals induced at a fixed s. The pairwise
overlap is then:

Sy .
Optng = | GG im0 0] s (19
s

min  _ : prox dist max _ prox
= min{ 2k (s), fz,kbd (s)} and = max{ 1Ky (s),

fld]i:btd (s)} select the upper and lower bounds of the intersection
between the proximal and distal t-intervals at a fixed s, and [-]+

clamps non-overlapping cases to zero. The effective proximal group

where



contribution is therefore:

Wpp = Z Ibarbule(d)kbp) - Z Z Ok p k- (19)

kbp

All integrals in Eq. (15) and Eq. (18) are evaluated using Gauss-
Legendre quadrature.

5.3 Frequency-Domain Range Query

When observed from the far field, a single Gaussian footprint may
overlap with a large number of barbules, making direct spatial-
domain integration computationally expensive. To address this is-
sue, we evaluate the integrals of an anisotropic Gaussian over the
barbule geometry directly in the frequency domain. Exploiting the
inherent periodic repetition of the feather structure, we model the
barbs, distal barbules, and proximal barbules as three stripe families,
denoted by b, bd, and bp, respectively.

In practice, we use a simple scale-based switch. For near-field
footprints that are narrow in the cross-barb direction, direct spatial-
domain evaluation is cheaper since the footprint overlaps only a few
structures. Based on empirical timing measurements, the frequency-
domain query becomes consistently more efficient once the cross-
barb Gaussian width exceeds o5 > 2pp, and we use this threshold
to select between the two formulations.

As shown in Fig. 8, taking a feather’s left vane as an example,
each strip family with half-widths (rp, rp;) is characterized by a
unit normal direction (n;, = (cos(ap), sin(ap)), npg = (cos(ap —
apr), sin(a, — apr)), npy = (cos(ay + apr),sin(ap + apr))) and a
fundamental period (pp = sin(ap)/Np, pp1 = dpisin(ap;)) along that
direction. Rather than introducing a full coordinate system, we use
scalar projections

q=1np "X, g =Mpq - X, (20)

which separate the two distinct structural roles present in the ge-
ometry: periodicity across stripes and finite spatial extent along the
parent b-stripes.

Along the parent direction g, subordinate stripe families (bd and
bp) occupy a finite window of length Lo within each b-interval. The
window is positioned by an offset gy inside the interval. The place-
ment of the stripe pattern itself is fixed by a base phase ¢pq,(and
analogously ¢p,,), which defines a reference alignment within a
chosen interval. Because the stripe directions n; and np4 are gen-
erally non-orthogonal, the stripe pattern undergoes a systematic
lateral shift when moving from one b-interval to the next. This
geometric effect is captured by the inter-interval phase shift 55‘1

(and 551’ for bp), which is fully determined by the stripe directions
and the period py.

The combination of stripe periodicity along s and windowed
repetition along g induces a discrete lattice of harmonic frequencies
in the frequency domain. This lattice is indexed by a pair of integers
(kg, kq), reflecting the two independent sources of repetition in
the geometry. The index k; enumerates harmonics of the stripe
periodicity along g, while k, indexes repetitions of the windowed
stripe pattern across successive b-intervals along g. The index kg
does not introduce an additional geometric degree of freedom; it
arises solely from the discrete repetition of the finite stripe window.
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Each lattice node corresponds to a world-space frequency vector.
For the bd-stripe family, this vector is

Wpqg = (/JZZ npg + a),lzj ng, (21)
with od <bd
27l'k 27qu - (L)k 59
w,l;d ==, a),l;d = & (22)
9 Dbl " Pb

An analogous construction applies to the bp-stripe family.

Gaussian strip integrals. To evaluate the contribution of a stripe
family, we integrate the Gaussian against its indicator function.
Using Plancherel’s identity, the integral against the full bd-stripe
family can be written as a sum over its discrete frequency lattice,

wha = ) Glepa) bppi(ky, Kg), (23)
kg.kq

where G denotes the Fourier transform of the Gaussian and bppi (kg kq)
are geometry-dependent coefficients determined by stripe width,
window length, and phase placement. Substituting the analytic
Gaussian spectrum é(w) = exp(—iw - ) eXp(—%wTZw) and the
closed-form stripe coefficient bpy; (a product of sinc envelopes and
a phase term) into Eq. (23), and taking the real part, gives

2rplg . (epdzey olilo
Wpq = Z sinc ( 3 ) sinc ( 3 )
&%, PoiPoy

g:kq
bd bd
. exp( - %wadZ wbd) cos (wkg P, + @ o ~ wbd-y).
(24)
The same structure applies to wy,, after replacing the correspond-

ing stripe parameters. Following the same way, we can compute
wy, » by replacing the parameters of bp with bd.

Overlap between stripe families. To account for occlusion of bp by
bd, we consider the integral of the Gaussian over the intersection
of the two stripe families,

Iouerlap = ﬂ G(x) 1pa(x) lbp(x) dx. (25)

In the frequency domain, the product of indicator functions be-
comes a convolution between their spectra. Since both 1,4 and 1’1;,
consist of discrete impulse trains supported on their respective har-
monic lattices, the convolution reduces to pairwise interactions
between lattice nodes, resulting in the double harmonic sum. There-
fore, we have wy, = w;p — Ioverlap-

5.4 Masking

In grazing-angle views, masking changes the relative visibility of
different microstructures, which in turn affects detail loss, perceived
translucency, and the appearance and view-dependent color mixing
of differently colored barbs; therefore, we model and quantify this
masking effect as in Fig. 9. This figure illustrates a masking scenario
where a barb occludes its own barbules when viewed from a graz-
ing angle. Such occlusion alters the effective projected shape and
visibility of the feather microstructures.

A feather fiber’s (rachis, barb and barbule) cross-section is roughly
circular or elliptical. When viewed head-on, it covers a width of
approximately 2r (its diameter) in the feather’s UV space. However,
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w/o masking 78.69°

barbule -

ot rachibarbibarbule,
sed radiu o ..‘1?""” arbule

Fig. 9. Masking effect within our range query. Left we show the reason why
we should consider masking. Barbules can be occluded by barbs for a 3D
feather, and thus we should compute its effect with parameters given at
the bottom left. Right we show some renderings with or without masking,
it is obvious that yellow barbs occlude most green barbules viewing from a
inclination angle.

when observed at a grazing angle, its projection widens due to
foreshortening, potentially masking structures like barbules behind
it.

Since rachis, barb and barbule share the same rule to form the
masking effect, we take the barb as an example to illustrate our
method without loss of generality. We quantify the masking by
computing an effective increase in the projected width W’ of the
barb in UV space due to the view direction .

Let the actual barb radius be r, and its bitangent axis (perpendic-
ular to the barb direction) be the unit vector r. Then, vp,.q; - r is
the cosine of the angle between the view direction (projected onto
the feather surface) and the barb bitangent. The apparent elliptical
cross-section width (major axis) of the barb is

2r

I/varoj = (26)

Vproj - 1] + ¢

To refine the masking effect, we further compute the additional
projected half-width W’ caused by the barb masking the view. Let n
be the local normal to the feather surface. Then, the angle between
the view direction and the surface normal is 6 = arccos(v - n), and
the increased projected width is:

o[ S

and this additional width should be no larger than the barb gap
W' = min(W’, % — Wproj). Given w’ and the view-aligned
projected width w, we define an updated effective barb radius in

UV space as:
Vo= (Wproj + W/) : (Uproj . r)

. 29)
and update the centerline position to:
W, .

c’=c+%-r, (29)

which shifts the barb center slightly along its axis to reflect the
asymmetric expansion. We apply this change of width and center
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to all the feather parts for the masking effect. Thanks to the con-
sideration of barbule overlap during our range query, no additional
step is required to accomplish the masking.

6 Appearance Representation

In this section, we will introduce how we model and render the
feather appearance. We first define a new per-fiber scattering BCSDF
model (Sec. 6.1). We extend existing fur fiber scattering models to ac-
count for non-iridescent structural coloration. In Sec. 6.2 we derive an
analytic formulation for efficient range queries over the appearance
model, together with a corresponding importance sampling strat-
egy. These components constitute an efficient appearance model for
vivid feather rendering.

6.1 Feather Scattering Model

As discussed in Sec. 3.2, in the real world feathers exhibit three
primary forms of coloration: pigment-based color, non-iridescent
structural color, and iridescent structural color. Because iridescent
effects rely on wave optics and are expensive to integrate into our
real-time system, in this section we focus only on pigment-based
color and non-iridescent structural color. Pigment-based color feath-
ers have a microstructure similar to that of animal fur, so we adopt
the model of Yan et al. [2017] for these. For non-iridescent structural
color, we develop a new BCSDF model to account for structural
color reflections within a geometric-optics framework. Building on
the double-cylinder fiber model of Yan et al. (Fig. 10), we introduce
an internal reflective core to represent the medulla interface and
derive a corresponding BCSDF lobe.

Under this assumption, the fiber BCSDF is expressed as a sum
of four unscattered lobes: R, TT, TR.T, and TRT. R, TT, and TRT
are defined identically to those in Yan et al. [2017] (we include
their definitions in the supplementary material for completeness),
and TR.T is our new component capturing a transmission—core-
reflection-transmission event. Concretely, we model the medulla as
a reflective core that produces a specular reflection at the cortex—
medulla interface (denoted R.) and does not allow any volumetric
transmission.

Following the standard factorization into longitudinal and az-
imuthal components, the TR.T BCSDF is written as:

Mrr,1(0;, ;) Ntr,1(h, 0r — i)
cos? 0; ’

Str,1(0:, Or, @i, or, h) = (30)

The longitudinal component is modeled as a Gaussian distribution
around a shifted specular direction (we use G(x; y1, o) to denote a
Gaussian at x with mean p and standard deviation o):

Mrr,1(6:,6,) = G(6,; — 0; + arr, T, PrR.T) » (31)

where a1g,t is the longitudinal shift for this path, and frg 7 is its
longitudinal roughness.

The azimuthal component is given by the product of an atten-
uation term Arr t(h) and a Gaussian distribution in the relative
azimuth ¢ = ¢, — ¢;:

Nrro1(h, @) = Amr.1(h) G — Prr.T(R); By)- (32)

where &g 7(h) is the azimuthal center (the direction of the core-
reflected ray), and f, is the azimuthal roughness.



medulla

B

Fig. 10. BCSDF of Yan et al. [2017] and ours. (a) is the BCSDF of Yan et
al., which treats the medulla as a scattering cylinder and has five lobes
R, TT,TRT,TT*,TRT? in total. (b) is our BCSDF only considering the re-
flectance of medulla and thus has four lobes R, TT, TRT, TR.T.

The attenuation term accounts for Fresnel factors and Beer—
Lambert absorption along the path:

(33)

ATRCT(h) ~ (l - FL‘)Z Reore eXp(_ M) .

cos 6y

Here, F, is the Fresnel reflectance at the outer cuticle interface,
so (1 — F.)? represents the transmission into and out of the fiber.
Reore is the specular reflectance at the medulla interface. oc 4 is the
absorption coefficients in the cortex. The function s.(h) denotes
the path length through the cortex (for a given h), and 0, is the
longitudinal difference angle used to correct for the inclined path
length inside the fiber.

6.2 Unified Full-shading model for range query
During rendering, our full model is:
f(wis wo) = f;(wb 0)0) + ﬁ(“)is (Uo), (34)
where f; is the base surface component and f; represents the addi-
tional grazing-angle scattering responsible for the perceived “fuzz”
We use a surface-based representation for feathers, and thus the
BSDF f;(w;, o) is composed of several components: the rachis
BCSDF S,, the barb BCSDF S, the barbule BCSDFs S;; (above

the barb) and Sy, (below the barb), and a delta transmission term
through the feather. Formally, we write:

fs(wi,wo) = [wr(wo) Sr(wi, o3 hr(@o))
+ wp(@o) Sp(Tpwi, Tywos hp(wo))
+ Wpa (o) Spa(Tpawi, Toawo; hpa(wo))  (35)
+ Wi (@0) Spp (Top@is Top@os hpp(wo))

+ Wi (o) §(1 + @i - wo) ] |w; - | ™"
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Capture Ours Yan et al. [2017]

Front Front
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Fig. 11. The validation of our BCSDF. In the top four rows, we match the
front barb or barbule reflectance capture from Harvey et al. [2013] using
our BCSDF and that of Yan et al. [2017]. The dark area in the capture is
the shadow cast by the camera. It is obvious that our BCSDF matches the
capture better for both barbs (middle two) and barbules (top two), and our
back BCSDF is more specular as we only consider reflectance of the medulla.
Last two rows show a match of the front and back side of a feather. Our
BCSDF match the feather well on both sides, while the BCSDF of Yan et al.
fails.
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Fig. 12. The effect of our sheen terms. Similar to the real capture, the parrot
rendering with sheen looks more fluffy especially at the grazing angles,
making it more realistic than the rendering without sheen.

In this formulation, n is the surface normal. Each weight w, (w,)
(for example, w, (w,) for the rachis) represents the contribution of
that part and is computed using the Gaussian function introduced
earlier. The term w;(w,) = 1 — (w,(wo) + Wp(wo) + Wpa(wo) +
wbp(wa)) represents the transparency ratio, and §(-) is the Dirac
delta function. The operator T transforms a direction to the local
frame of the given feather part, defined such that n is the local
z-axis and the feather’s tangent (pointing direction) is the local x-
axis. Finally, h defines the integration range for multi-scale BCSDFs,
which is from —1 to 1 in the range-query case, representing a far-
field BCSDF.

Sheen term. To approximate the soft, fuzzy appearance of feathers,
we augment the surface BSDF with a view-dependent sheen term
fr representing the additional grazing-angle scattering responsible
for the perceived “fuzz”, as in Fig. 12. We follow the approach of
Zeltner et al. [2022] for this view-dependent sheen term.

6.2.1 Importance Sampling. Our importance sampling method op-
erates on the fiber surface and is performed within a pixel footprint.
It consists of two main steps: (1) selecting a BCSDF component by
area ratio, and (2) selecting a lobe by intensity. This procedure is
similar to that of d’Eon et al. [2011]. Specifically, our sampling can
be summarized in the following four stages:

e Select a BCSDF by area ratio. As shown in Eq. (35), we treat
BSDF as a mixture of multiple BCSDF lobes plus a delta trans-
mission term. Each lobe’s mixture weight is given by w),(w,)
(e.8., Wr, Wp, Wpa, Wpp, Wy ), and these weights are normalized

so that
Z wp(we) = 1.
P

Therefore, we select lobe p with probability

P(p) = wp(wo).

e Select a lobe by intensity. Next, the candidate lobes are
weighted according to the energy they carry. Since the longi-
tudinal term M, and the azimuthal distribution term D), are
both normalized, the energy carried by lobe p is determined
by its attenuation factor A,. We calculate A, for each of the
nine lobes (and compute their total 3, Ap). The probability
of picking lobe p is then

Ap
Zq Aq '

Plobe(P) =
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Fig. 13. Comparison of range query and point query. We use red for barbs
and green for barbules. The renderings show that our range query result is
similar to GT without aliasing, while both the results of equal SPP and time
show obvious aliasing.

o Sample an outgoing direction. Similar to d’Eon et al. [2011],
we then sample an outgoing direction (6,, ¢, ) from the chosen
lobe by separately sampling its longitudinal and azimuthal
components according to their respective distributions (for
example, a Gaussian or cosine distribution for the longitudinal
component, and a Gaussian or uniform distribution for the
azimuthal component).
Compute the PDF and sampling weight. The final proba-
bility density function (PDF) for the sampled direction is the
product of:
— the BCSDF selection probability P(p) = wj(«w,) from the
first step,
— the lobe selection probability Piobe(p) = Ap/2 4 Aq from
the second step, and
— the selected lobe’s longitudinal and azimuthal PDFs from
the third step (converted from (6, ¢) space to solid angle).
The final sampling weight is the value of the selected lobe’s
BCSDF at the sampled direction divided by this overall PDF,
i.e., divided by the product of the BCSDF selection, lobe se-
lection, and directional sampling probabilities.

7 Results

In this section we show the results using our feather model. All
scenes are rendered using path tracing on an NVIDIA GeForce RTX
3090 machine in the Falcor [Kallweit et al. 2022] framework in 1080P.

Our extraction pipeline. In addition to Fig. 4, we provide more
results of our extraction pipeline in Fig. 14. The extracted rachis
and contour fit the inputs well, which show the robustness of our
extracting method. Moreover, we make a quantitative comparison
on the rendering input under a normalized range from 0 to 1. For
rachis, we sample the same number of points on them and calculate
a mean distance. Its value 0.00552 means our extracted rachis is very
similar to that of the input. For contour, we adopt the dice similarity
coefficient commonly used in image segmentation, and its value
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Fig. 14. Some more results of our extraction pipeline. The left two inputs
are captures from the feather in Fig. 4 at different angles. The third input is
another feather, and its rendering with extracted parameters is the last input.
We take the extracted geometry as reference for quantitative evaluation.
The extracted rachis and contour are drawn on the input in red and green,
which show great fitting. In the second row, we display score maps used to
decide rachis except the last input. Instead, we compare the extracted (red)
and reference (blue) rachis and contour, which are nearly overlapping.

0.9596 is very close to 1, which means our extracted contour is also
very similar to the reference.

Match to real feather. We compared our results from two perspec-
tives: (1) matching with the measured BCSDF, and (2) matching with
the single photo we captured. We evaluate our method against real
photographs and the BCSDF model of Yan et al. [2017]. As shown in
Fig. 11, our approach more closely reproduces the captured appear-
ance, indicating that the proposed BCSDF provides a more accurate
approximation of real feather scattering than the previous work.
Fig. 16 presents a qualitative comparison against photographic ref-
erences (first column), followed by renderings under novel lighting
and viewing conditions. Even in close-up views, our model repro-
duces fine-scale structure, translucency, and view-dependent effects
with high fidelity. Additionally, we match some captures of feathers
with different BCSDFs at different viewing angles in Fig. 17. Al-
though our method can match captures well, some results reveal
our shortcomings. As shown in Fig. 16, our albedo estimation pro-
cess may cause baked-in shadows, leading to deviations from the
true albedo. Additionally, our low pass Gaussian filter (standard
deviation taken as 5 in image space) diminishes sharp features like
black and white patch boundaries in the fifth row.

Our Multiscale Model. In Fig. 13, we show that our multiscale
model can effectively prevent aliasing at the geometric level. In Fig. 8,
we demonstrate our hierarchical strategy that chooses between the
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Fig. 15. Comparison with explicit curve-based geometry. Due to manual
adjustment of geometry and UV, as shown in the difference, the explicit
geometry does not match our representation in the canonical space well.
But on the whole, our result is similar to the rendering of explicit geometry
visually, which occupies 1.5 GB while we only take up 500 KB. Note that we
use far-field shading model and only single scattering here.

spatial domain and the frequency domain in the near-field and far-
field based on efficiency. In the far-field, the spatial-domain range-
query method can take up to 160 s, making real-time performance
impossible; in contrast, the frequency-domain approach achieves
the same effect in only 16 ms. We also show that the two approaches
produce consistent results.

Memory. Finally, Figs. 18 and 19 showcase full feathered models of
a parrot and an eagle. These examples demonstrate that our method
scales from isolated feather appearance to complex, full-animal
renderings while preserving details. Our method only takes about
0.02% memory compared to explicitly modeling detailed barbule-
level geometry, while we show close appearance to the curve-based
model in comparison, as shown in Fig. 15.

Performance. Our proposed method runs in real time. In Fig. 8 and
Fig. 18, we demonstrate real-time performance (more than 55 FPS)
under both simple lighting (a point light) and direct illumination
(DI). In Fig. 16, we further show that rendering a single feather
combined with our importance sampling strategy takes only 10 ms
under complex environment lighting conditions. Note that Fig. 1
and Fig. 19 in the paper show global illumination results under
complex lighting (environment lighting). These are computationally
expensive, so the teaser is accumulated. We also further demonstrate
our real-time performance in the accompanying video.

8 Conclusion

We have presented a practical, real-time feather appearance model
that preserves both visual realism and computational efficiency.
By leveraging a hierarchical procedural representation and an an-
alytic level-of-detail approach, our method achieves high fidelity
while drastically reducing complexity. We propose a new feather
representation, including structural color BCSDF model and a sheen
lobe enables our renderer to closely match the appearance of real
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Fig. 16. Matching results of our method. The leftmost column shows seven feather captures, and right of them are our matching renderings with a crop, which
prove that our method can match the capture well. We also display the renderings under an environment map with different viewing angles. Note that even
under complex environment lighting conditions, with our importance sampling strategy, our rendering time is still under 10 ms for each feather with 16spp.
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Fig. 17. Matching results of our method at three viewing angles. We match two feathers with different BCSDFs at gradually changing viewing angles under
diffuse lighting, and the similar appearances prove the effectiveness of our method.

Time: 18ms

Time: 15ms

Fig. 18. The renderings of the whole birds under 4 SPP with only direct illumination. Our method supports real-time rendering of feathers, with only 18 ms for

two parrots (6250 feathers) and 15 ms for an eagle (6350 feathers).

Fig. 19. Rendering of an eagle under an environment map. Our method
achieves good renderings for both far-field and near-field views.

feathers, reproducing subtle effects like flufty rim lighting and vivid
non-iridescent colors.

Our results demonstrate significant performance gains: under
simple lighting conditions, full bird scenes render more than 50 FPS
with smooth, multi-scale transitions, using a memory footprint that

is over 1/6000 of an explicit fiber model. Despite this extreme com-
pression, the rendered output remains indistinguishable from real
photographs, validating the accuracy of our appearance aggregation.
The method’s stable frame rates across varying view distances and
lighting conditions make it well-suited for real-time applications
such as games and VR. In summary, our work provides a practi-
cal solution for realistic feather rendering, delivering film-quality
appearance at an interactive speed and bridging the gap between
offline realism and real-time performance.

9 Limitations and Future Work

Barbule noise. The feather appearance typically exhibits two kinds
of noise: one at the barb level and another at the finer-scale barbule
level. In Sec. 4.3, we have already discussed barb noise: by introduc-
ing controllable perturbations to the feather contour and composit-
ing noise across scales, we can reliably produce the “torn”/frayed
look observed along real feather edges. In contrast, barbule noise
manifests as more random, non-stationary micro-texture patterns.
We currently use frequency-domain filtering (with band-limited
assumptions) for multiscale control. To reproduce such effects, we
can fall back to our spatial range-query model for evaluation, with a
small speed cost. In the future, we plan to explore actual distributions
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Fig. 20. Influence of multiple scattering. We compare renderings of a single
feather with multiple scattering and single scattering. The difference shows
that multiple scattering does not have much impact.

including variance-preserving filtering, blue-noise sampling, or a
learned filter conditioned on local density, orientation distribution,
and noise parameters.

Other complex feathers. Our representation models a feather on
a plane. This makes it hard to represent out-of-plane structures
such as down-like feathers. In practice, for a bird, down feathers are
usually hidden under the outer plumage, so the visible feathers are
almost entirely structured contour feathers. In addition to downy
feathers and planar feathers, there are also contour feathers with
clearly visible individual barbs and barbules that we do not address.
Naive extensions of our presented method to support this may cause
appearance and performance problems.

Wave optics in real-time. Our model focuses on geometric-optics
and fiber scattering (extended lobes with structural parameters) to
support real-time rendering under general illumination. Adding
interference or diffraction typically requires wavelength-domain
evaluation or heavier precomputation and caching. This would be
hard to render under a real-time budget. We therefore do not include
wave optics in the real-time system, though it can be added in offline
rendering. In future work, we plan to investigate a more compact
appearance model for wave-optic effects.

Multiple scattering. Multiple scattering in dense barbules is im-
portant for rim glow at grazing angles, backlighting, and energy
distribution under HDR lighting. However, we do not consider it
since multiple scattering has limited impact in common situations,
as shown in Fig. 20. In future work, we consider using a lightweight
neural network to better model these effects.
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