Computer-Aided Visual Analysis of Feathers
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Abstract—Feathers are fascinating natural components of
birds and other, extinct dinosaurs. They exhibit a variety of
crucial biological properties that are studied in multiple fields.
Here we present work in visual analysis of feathers that leverages
image-processing methods to observe important physical data
about the structure and shape of feathers. Such data may be
used to inform ornithology or paleontology as well as used to
synthesize accurate computerized representations of feathers for
high-fidelity visualization and interactive rendering.

I. I NTRODUCTION
The feathers of birds and other dinosaurs are studied in ornithology and paleontology. A variety of other fields also seek
understanding of properties of feathers such as their strength,
aerodynamics, coloration, and insulation in order to inform
material design and other applications [1] [2]. Additionally,
visualizations of feathers are needed for accurate scientific
materials, and feathers are often modeled as a major visual
aspect for characters in cinema and gaming. Here we present
novel, ongoing work in visual analysis of feathers and describe methods that we have developed for extracting physical
properties from images of feathers. Although these techniques
could be employed using any photographs of feathers, the
primary source of images used for this work is The Feather
Atlas [3]. It consists of a well-cataloged library of images of
flight feathers from various types of birds throughout North
America, images selected from the curated collection of the
National Fish and Wildlife Forensics Laboratory.
II. B IOLOGICAL BACKGROUND
Feathers are studied across disciplines such as ornithology,
paleontology, physics, material science, and visual computing.
This is particularly due to their unique, hierarchical structure.
Figure 1 is an image of a feather taken with a scanning
electron microscope (SEM) with several key substructures
highlighted. A feather consists of a central shaft (blue in
Figure 1) and two vanes composed entirely of barbs (yellow)
branching from the rachis portion of the shaft (the bare portion
is called the calamus). A single barb is composed of a centered
ramus (dark center of the yellow portion) and many barbules
(green and red). Pennaceous barbs as pictured are connected
together via their barbules. These barbules are either distal
(green) or proximal (red). Distal barbules own hooklets that
connect with rods on the adjacent proximal barbules. Six main
types of feathers exist which vary in function, placement,

Fig. 1: SEM image of a feather with the shaft (blue), a barb (yellow),
a distal barbule (green), and a proximal barbule (red) highlighted.

and anatomical composition [4]. We focus on flight feathers
(primaries and secondaries on the wing and rectrices on the
tail) due to their visibility, shape, and the available data, but
the techniques presented can be applied for the other types.
III. R ELATED W ORK
A. Visual Computing
Concerning feather geometry for computer graphics, several
works focus on curved-based procedural feather generation but
do not use statistics of real-world feathers as a basis [11], [12],
[13], [14], [15], [16], [17]. Some image processing has been
applied to the feather-processing industry in denoising SEM
captures of feathers [18] and extracting the general shapes
of the shaft and vanes in feather images [19]. Another study
links 2D image processing and 3D geometry generation of

Fig. 2: Image segmentation using the Watershed algorithm of multifeather scans from the Feather Atlas.

Attribute
Barb Angle
Barb Angle
Barb Length
Barb Length
Vane Width
Barb Diameter
Barb Spacing
Barbule Angle
Barbule Length
Barbule Diameter
Penn. Barb Density
Penn. Barbule Density
Rachis Cross Section
Rachis Cross Section
Rachis Cross Section
Rachis Cross Section

Feather Type(s)
3 Primaries
Covert, Rectrex
3 Primaries
Covert, Rectrex
Covert, Rectrex
Contour
Contour
unknown
unknown
unknown
Contour
Contour
2 Primaries
2 Primaries
2 Primaries
2 Primaries

Data Summary from Ornithological Studies
Bird(s)
Value
60 Species
5-50
Parrots
10-40
60 Species
10-60
Parrots
5-25
Parrots
5-15
Ducks, Cormorants 56
Ducks, Cormorants 271
Hummingbirds
0-70
Hummingbirds
100
Hummingbirds
15
Tits
1.47
Tits
2.17
Common Buzzard
0.03-5.79 x 0.01-3.47
White Stork
0.14-26.1 x 0.08-22.3
House Sparrow
0.40-42.6 x 0.10-24.8
Pygmy Cormorant
5.00-55.0 x 4.00-55.8

Unit
degrees
degrees
mm
mm
mm
µm
µm
degrees
mm
mm
per mm
per 0.1mm
mm4
mm4
µm4
µm4

Reference
Feo, Field, & Prum [5]
Feo & Prum [6]
Feo, Field, & Prum [5]
Feo & Prum [6]
Feo & Prum [6]
Rijke [7]
Rijke [7]
Greenewalt [8]
Greenewalt [8]
Greenewalt [8]
Broggi et al. [9]
Broggi et al. [9]
Osvath et al. [10]
Osvath et al. [10]
Osvath et al. [10]
Osvath et al. [10]

TABLE I: A summary sample of related data manually gathered in ornithological studies.

feathers using landmark- and curve-based techniques which
the techniques proposed in this paper build upon [20].
B. Ornithological Studies
Although visual-computing applications have not used data
from real-world feathers, ornithological studies provide some
insight into gathering statistics on the variation of feather
shape. Most of the statistics found across these works is
summarized in Table I including studying vane asymmetry
for flight concerning barb angles and lengths [6], [5], water
repellency concerning barb diameters and spacing [7], insulation concerning barb and barbule densities [9], iridescence
based on barbule angles [8]. A recent study investigates the
cross-sectional shape of the rachis of flight feathers sampled
from birds with different patterns of flight. Measurements of
the cross sections were manually taken as the second moment
of area [10]; some of these results are in the last four rows of
Table I shown as ranges of minimum and maximum values
on single feathers. Other studies consider the nanoscopic
arrangements within feathers using SEM and transmission
electron microscopy (TEM) imagery for observing feather
growth and iridescence [21] [22].
The measurements in these studies were all taken manually.
In the next section we present methods for automating the
analysis of feather images with particular focus on barb density
and guiding curves.
IV. M ETHOD AND I MPLEMENTATION
The proposed implementation involves data collection and
automated visual analysis in order to extract information
that describes the shapes of feathers. This study focuses on
applying such data to drive generation of procedural feather
geometry, but measurements and statistics of feather shapes
may also be of interest across disciplines to further the
understanding of these unique, organic structures.
The overall goal is to extract several important physical
measurements from real feathers. We do this in a multi-step
process by segmenting images of multiple, related feathers
photographed together; approximating the number of barbs in

a vane of each individual feather; and fitting curves to the
various substructures that help define the specific shapes of
each feather.
Our analysis begins with reading and leveraging meta-data
from the Feather Atlas [3]. This data is associated with each
single image containing multiple feathers of the same type
taken from a single avian specimen. An example of a scan
is shown in Figure 2 (with located bounding boxes drawn
over it). To represent a variety of birds, samples from the
Atlas were chosen based on taxonomic order. The Watershed
algorithm is applied initially to segment the Feather Atlas scan
into single-feather images as depicted in Figure 2; bounding
boxes were expanded to ensure that the calamus was included
with each single-feather image. Further image analysis is
then applied to each split image on a per-feather basis. The
shaft may be important to some analysis and could be found
using landmark-based curve regression, image masks, or crosscorrelation starting near the calamus.
To estimate barb density, we apply the Fast-Fourier Transform (FFT) algorithm to span of a vane in the individual
feather images. A column of pixels along the center of a vane
is selected as input for the FFT by searching the image space
of the bounding box. The pixel count of the highest energy
frequency divided by the vane’s length in pixels yields the
spacing between barbs in pixels. This value is then scaled by
the actual vane length provided by the Feather Atlas data in
order to derive a final barb density per millimeter of the vane.
This technique is performed over a variety of feather samples
and plotted in Figure 6. Figure 3 displays the column on the
vane with red and blue alternating colors to show the barb
sampling (left image) and a plot of the FFT values as barb
counts in the vane (right).
We also investigate estimating the curvature of individual
barbs, shown in Figure 4. This technique is a work in progress
towards extracting guide splines that describe the curvature of
barbs. Tracing a barb curve begins on the rachis portion of the
shaft. A window of pixels in this area (window size relative
to the resolution of a feather image) is selected to compare
with neighboring matrices moving outwards from the shaft to

the contour of the vane. The highest cross-correlation values
among nearby windows, progressing horizontally by one pixel,
determines which pixel area is chosen next until the border of
the feather is met. These pixel locations can then be regressed
in order to derive control vertices for the guide splines.
The landmark-based approach according to [20] is currently
employed to process parametric curves for defining the general
shape of the shaft and vane outlines as depicted in Figure 5. We
are continuing use of the cross-correlation technique to find the
shaft curvature without landmarks. Once this is known, barb
angles (rotated orientations in respect to the shaft orientation)
can be derived based on the shaft and barb as parameterized
curves fitted from the trace.
V. D ISCUSSION AND C ONCLUSION
The main novel contribution of this study is the introduction
of methods for visual analysis to derive values for barb density
and provide a means to extract the curved shape of barbs.
Figure 6 plots estimated numbers of barbs per millimeter of
feather vanes. 102 feathers were sampled from the Feather
Atlas from a variety of bird taxonomic orders and feather
types.
The mean barb density of each type of flight feather is
between 2.0 and 2.5 barbs per millimeter; this is similar to
the measurement of 1.47 barbs per millimeter on contour
feathers found in [9]. For comparison, we manually counted
the barbs in several feather images and found most to be
estimated accurately by the technique described here; however,
in some images where lighting conditions and resolution are
not sufficient for visual distinction, estimated counts were
below the manually counted number. This is likely primarily
due to a low visual sampling frequency as well as combined
effects from the barb angle decreasing toward the distal end
of the feather, particularly relative to lighting angle. If lighting

Fig. 3: An input image with barb sampling drawn based on density
(red and blue sections) within a vane (left) and a plot of corresponding
FFT values used for counting the barbs and ultimately their density
within the vane (right).

Fig. 4: Tracing barbs on different feathers by cross-correlating pixel
windows.

and image resolution may be controlled, as well as using the
shape of the shaft to guide the image sampling, accurate results
should be attainable. In lower-resolution images, manually
assisted selection of feather image segments where barbs are
visually distinct could also be used to improve accuracy.
Another aspect of feather analysis introduced is a first step
towards extracting parametric curves to guide the path of barbs
within a vane is shown in Figure 4 as tracing barbs via crosscorrelation of pixels. We believe this to be the first published
work to extract and parameterize these curves.
Figure 7 is a render of procedurally generated feather
geometry following the approach of [20]. It is achieved by
creating many curve instances to represent the substructures of
a feather with calculations on orientation and position based
on input such as guiding curves, barb and barbule densities
and angles, and metadata from the Feather Atlas. The visual
analysis presented in this study will continue to improve
physically based geometric modeling of feathers based on
real-world data rather than user estimation. Such techniques
may also be applied to finding patterns in feather structure
in order to be applicable in multiple fields of study such as
paleontology. One such area of interest is investigating the
appearance of fossilized feathers.
Applying the FFT technique to higher resolution and additional SEM images may be used for identifying barb subcomponents and estimating the barbule density along the length of
a barb. The spacing currently approximated with FFT between
barbs along the shaft based on normal-scale photography

Fig. 5: Parametric curves for shaft and vane outlines derived using
curve regression and drawn over the input image.
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Fig. 6: Barb density as barbs per millimeter along the vane of
102 feather samples, separated by feather type. The values are
approximated by FFT analysis.
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Fig. 7: Example of a feather procedurally generated using information
derived from techniques presented in this paper.
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