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Abstract

A study at Fido Film in autumn 2008  evaluated 
different methods of simulating feather coats for visu-
ally appealing results. The report discusses various 

approaches  with a focus on a more general solution. 
It will  be shown that in order to create a good feather 
simulation, collision detection needs to be used as 
opposed to interference testing. The difference being 

that the first is time continuous and the other is time 
discrete i.e.  a collision might have already occurred 
during the test phase. For a time continuous solution, 

aspects of handling simultaneous collisions in a effi-
cient way are discussed.  Alternative approaches are 
explored and finally recommendations for further 
study are given.
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1.Introduction

To simulate feathers  for visual effects production 
in feature films are among the bigger challenges in the 
industry. Often have studios  relied on alternative ap-

proaches, a few examples are Lord of the rings [Aitkin 
et. al. 2004] and Harry Potter [Limsäter 2008]. When 
actual simulations have been used they have rarely 
been done using a pure feather system but rather 
using  special cases of hair [Kim 2006].  The software 

has  often been developed in-house and it’s  reason-
able to believe that most of these systems are not 
satisfactory. One reason for this is that very few pa-
pers  have been published in the area and even fewer 
from the studios themselves.

The reason many chooses to “cheat” is  because 
of the problem with collision detection and resolution. 
The implementation tried by [Aitkin et. al. 2004] for 
example, suffered from ripple effects among the 
feathers. The problem originates from the desire to 

avoid collisions through particle repulsion which in 
turn gives rise to odd behavior. Also, any collision 
detection system has to be highly flexible and precise  
since the feathers vary greatly in size and shape as 
well as properties. They are also extremely thin and lie 

packed tightly together causing many simultaneous 
collisions. This leads  to problems with geometric and 
numerical robustness.

1.1. About this paper
In this paper the results  of a study at Fido Film in 

the autumn of 2008  are presented. The paper re-

quires the reader to be familiar with computer graph-
ics, linear algebra and physics at a university level.

The structure of this paper is as follows:

First the theoretic background for the concepts of 
this paper will be presented. Then the actual imple-

mentation will be summarized leaving much of the 
results for the next chapter where they will be dis-

cussed. The last chapter will present the conclusions 
reached during the development along with sugges-
tions for further research.

In short, the chapter covering the theoretic back-
ground can be skipped and use more as an appendix 
if required although it is recommended to read 
through it before moving on to the actual thesis.
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2.Primer

2.1. Math

2.1.1. Barycentric Coordinates
While elementary for 3D graphics, barycentric 

coordinates are often omitted in academic curriculum. 
The author therefore finds  it  necessary to cover the 
subject briefly. The case discussed will be for a trian-
gle in R3 . Although barycentric coordinates can be 
used for higher dimensional geometries such as poly-

hedras as well  (however, it’s highly uncommon in 3D-
graphics) [Ericsson 2004].

The idea is that any point r  lying on the plane 
created by v1 , v2  and v3  can be written as a linear 
combination of the three as:

r = !1v1 + !2v2 + !3v3

For !1,2,3 to be barycentric coordinates they must 
also adhere the following requirement:

!1 + !2 + !3 = 1

2.2. Physics
2.2.1. Time integration
Explicit integration

The most basic time integration is Euler’s explicit 
integration.  When using explicit  integration one calcu-

lates  the value for the next time step using the value 
of the current time step. Defined as [Wikipedia 2008]:

Y (t + !t) = F (Y (t))

While simple it has issues with stability and one 

has  to choose sufficiently small !t  for the system to 

remain stable resulting in many iterations per frame.

Implicit integration
Since many problems in physics  are stiff,  it be-

comes very inefficient to use explicit integration as it 
requires very small !t .  Implicit integration however 

resolves this  issue and is stable for very large !t  and 
is defined as [Wikipedia 2008]:

G(Y (t), Y (t + !t)) = 0 

While this sounds good in theory, solving implicit 
systems are much more complicated and usually 

involves some form of approximation, therefore it may 
be to hard to solve efficiently.

Semi-implicit integration
A common middle-ground is to use explicit inte-

gration in general but rely on implicit integration for 

unstable parts of the system [Selle et. al. 2008]. Usu-
ally still relying on approximations it is highly used 
when simulating hair or cloth for computer graphics.

2.2.2. Rigid Body Dynamics
One concept in the world of physics is  rigid bod-

ies. It refers to non-deformable objects. These objects 
have a center of mass  and is simulated in a way 
which preserves both linear- and angular momentum 
[Benson 1995]. Familiarity with rigid body dynamics is 
assumed and so the subject will only be covered 

briefly. For linear momentum Newton’s second law 
dictates:

M
dv

dt
=

N!

i=1

fj,external

M  represents the center of mass. For angular 

velocity a tensor matrix is used, defined as:

I =

!

"
Ixx Ixy Ixz

Iyx Iyy Iyz

Izx Izy Izz

#

$

And the angular momentum is defined as:

L =
N!

i=1

miri ! vi
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Where ri  is the distance from the rotation center. 
The rotation velocity ! can now be determined   with 
the following equation:

! = I!1L

2.2.3. Mass-Spring System
Springs are a part of physics often used in com-

puter simulations since they are computationally 
cheaper than rigid body dynamics and can provide 
more flexible systems. Basic knowledge of mass-

spring systems are assumed so only a brief overview 
will be given. A damped elastic spring is given as 
[Benson 1995]:

Fspring = !kx! bẋ

The coefficient k  being the stiffness and b  the 

systems damping. For implicit integration linear spring 

proposed by [Selle 2008] can be used, defined as:

Fn+1
spring =

k

l0

!
(xn

2 ! xn
1 )! d̂n ! l0

"
d̂n + !t

k

l0

#
vn+1
2 ! vn+1

1

$!
d̂nd̂n

where we substitute 

!t
k

l0
with !t

k

l0 + b

for damping, b being the same damping coeffi-

cient.  Other variables l0  indicate rest length and d̂n  

distance vector (explained further under “Implementa-
tion”).

2.3. Collision Detection

2.3.1. Basics
Interference and collision testing is computation-

ally expensive and usually a bit unpredictable for a 
system. Therefore the fastest intersection test is to 
perform no test at all. As outlined in [Ericsson 2004] 
one divides the collision detection process into sev-

eral steps in an attempt to quickly cull away objects 
that are clearly not colliding.

Broad Phase
In order to minimize the number of collision test 

one usually does an initial  broad phase test to identify 

areas of possible collisions. These are usually carried 
out on highly simplified geometries such as spheres 
or boxes. Some examples  on broad phase proce-

dures are “Sweep and Prune” [Ericsson 2004], trees 
and grids.

Mid Phase
Once a collision zone has  been identified, one can 

proceed with an optional mid phase where one does 
more precise testing on a still simplified geometry. 
This can be a tree-structure of some kind.

Narrow Phase
Eventually it will be necessary to do more precise 

testing. It can still use a simplified geometry but it can 
also be the geometry directly (for a polygon model). 
This  is the most costly step of collision testing and it’s 
what one tries to avoid in earlier test.  A narrow phase 
test that is conducted but results in a negative colli-

sion is called a false positive.

Bounding Volumes
When conducting collision detection, doing it on 

the same geometry as the rendering geometry is  very 
costly.  Therefore it is  widely common to use bounding 

volumes. These are simplified geometries that are 
known to be faster to calculate collisions for. A few of 
these are spheres, axis-aligned bounding boxes 
(AABB), oriented bounding boxes  (OBB), sphere-
swept surfaces, k-DOP:s  and convex objects  [Erics-

son 2004].  

Continuos Collision Detection
Most of the time when speaking of collision detec-

tion one mostly only conducts an interference test. 
Using discreet time steps, one examines for every 
step in time if any interference between objects occur. 

This  is not truly collision detection in a real sense 
though. For true collision detection one should find 
the very instant in time when the collision actually 
occurs. In other words, one have to examine how the 
objects move in between every discreet time step and 

thereby make the detection continuous. This is com-
putationally both expensive and difficult. A few meth-
ods  are proposed by [Bergen 2004] and [Bridson et. 
al. 2002]. The former using an algorithm described in 
the next chapter.

2.3.2. Grids
In order to detect collision areas in spatial domain 

during broad phase, a grid can be used. The simplest 
being a uniform grid. One of the greatest advantage 

of such an algorithm is that it can be applied to a 
infinite spatial domain.
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The basic idea is to have a set of buckets (or-
dered in an array) which can be filled with objects. 
Using a hash function an object can be placed in a 

bucket,  resulting in no restrictions in spatial domain. 
The number of buckets and the quality of the hash 
algorithm used affects the performance greatly how-
ever.

A more advanced variant of grids are hierarchical 

grids  [Ericsson 2004] which enables more effective 
handling of objects with great varieties in size. It 
should also be mentioned that insertion and removal 
of objects in a grid can easily be done in O(1)  time 
which is important when handling dynamic objects.

2.3.3. Gilberg Johnson Keerhi
An algorithm known as the GJK algorithm (named 

after its  creators)  [Bergen 1999] is used to determine 
collisions  between two convex objects. The method 

has  been known to be implemented in various real-
time collision detectors such as physics engine Bullet 
[Coumans 2005].  Using the Minowski sum defined 
as:

A!B = {a + b where a " A,b " B}

The origin of the sum A!"B  for any two convex 
objects is  encapsulated if the two objects are interfer-

ing.  Calculating the Minowski sum in it self and then 
evaluating if it contains the origin is time consuming 
and expensive. Instead the GJK-algorithm suggest 
that a support mapping is  used to quickly find out 
wether the origin lies  within the sum. A generalization 

of GJK was provided by [Bergen 1999] and he also 
made calculations finite float precision robust. The 
support mapping of a polygon object is described as:

v · sA(v) = {max (v · x)where x ! A}

This  however still requires the complete Minowski 
sum, so the combined support mapping can be de-
scribed as:

sA+B(v) = sA(v) + sB(!v)

Using the mapping function a simplex Q is  cre-

ated consisting of a maximum of d + 1  vertices (ac-
cording to [Bergen 1999]) . Variable d  is the number 
of degrees used to define a point in space. The initial 
point can be any point in A!B.  When using support 
mapping one finds an extreme point in the direction 

!v  towards  the origin, this  guarantees that only 

points lying on the hull of the geometry will be found, 
as illustrated in Figure 1.

!v

sa(!v) v

!

Figure 1. GJK extreme point search

In the case of the current set Q not containing the 

origin, a new point v closest to the origin is  deter-
mined and the simplex is tested again. This process 
can be optimized by using Voronoi-regions and is 
called “finding the minimum norm of Q”. If the mini-
mum norm p doesn’t fu lfi l l the requirement 
p ·!v > v ·!v  then p  is no less extreme than v and 
the process is aborted. The result is then that the 
bodies  aren’t in contact. Keep in mind that the 
method outlined here is  not robust as described in 
[Bergen 1999], it simply illustrates how GJK works.

GJK and CCD
With little extension GJK can handle continuos 

collision detection [Ericsson 2004]. If object At  is 
convex than the combined object At  and At+!t  is 
also convex. Because of the support mapping any 

points inside the hull  are neglected. A major draw-
back is that GJK can not determine the time when a 
collision occur for non-linear motions without iteration. 
One option though is  to find this iteratively by interval 
halving. The points making up simplex Q in the previ-

ous iteration are then ideal points for the new simplex. 
Also, some approximations can be used if very little 
rotation occurs as suggested by [Bergen 2004].

2.4. Accelerated structures

2.4.1. BSP Tree
A common technique of accelerating search que-

ries is by using trees, a binary tree being the simplest 
one.  This can also be applied in 3D space for objects 
or part of objects  such as triangles [Ericsson 2004]. 
Using a splitting plane one can iteratively split 3D 
space while creating the tree. Depending on the ap-

plication it might required to split triangles that lie in 
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both half-spaces. Such a procedure however needs 
to take problems with numerical and geometrical 
robustness  on a finite float precision system into ac-

count.

2.5. Geometric representation
2.5.1. Voxels

As opposed to polygons, voxels represent a vol-
ume. While they are harder to manipulate and work 

with intuitively, some kinds  of queries are considerably 
faster.  One example of this is ray intersection tests 
that in a polygon case might need up to 6 separate 
tests per tested polygon [Ericsson 2004]. For voxels 
however one can do simple traversal through the hole 

model using [Amantides & Woo 1987]. One alterna-
tive would be solid BSP trees as described by [Erics-
son 2004], and they are often used to accelerate ray-
tracing. However implementation requires splitting  of 
triangles.

2.5.2. Iso-surface
Using a data set such as a density field, one can 

create geometries by selecting a “threshold value” 
also known as an iso-surface [Schroeder et.  al. 2006]. 
To test rays  against an iso-surface one needs to use 

interpolation in between discrete data points to create 
a continuous  data field.  On way to find the intersec-
tion point  is to use sub-sampling in a similar way as 
when doing ray casting.
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3.Implementation

3.1. Prototyping
At the start of the project a lot of prototyping was 

made focusing mainly on collision detection, namely 
broad and narrow phase testing. It was decided early 

on that per-triangle testing would not be an option so 
it was  discarded and simpler bounding volumes ex-
amined.  Initially an Oct-tree was used for broad 
phase, however the solution proved to be very inef-
fective. Insertion was as expensive as O(N) and geo-

metries caught between two cells were put in a cell 
higher up in the hierarchy resulting in excessive test-
ing.

For the feathers  spheres where used as an initial 
boundary volume. While fast it resulted in many false 

positives and were replaced with one sphere per 
feather segment followed by a capsule test. When the 
model was revised however both spheres and cap-
sules where discarded since capsules are compli-
cated to use for continuos  collision detection and 

hard to implement in GJK.

Due to high uncertainty and the goal to deliver a 
working tool within the time of the project two ap-
proaches where later developed simultaneous. One 
continuing the idea of using full simulation for natural 

response to weather and wind and the other being 
more artist-centric with little simulation focusing on 
preventing penetrations from occurring.

3.2. The feather geometry
When deciding how to create the feather geome-

try internally, along with internal dynamics, a lot of 

ideas were borrowed from cloth and hair simulation.

After a series  of prototypes using mass-spring 
systems a final version of the feather was created. 
The basis of the feather is a series of connected 
springs, much like hair or rope. This will be referenced 

to as the feather stem from here on now. Each 

feather is  divided into length segments and every 
segment is  given a local orientation matrix as illus-
trated in Figure 2. These matrices are reconstructed 

using the method outlined here for every update.  The 
base vectors ̂e1 ,ê2,ê3  are mapped to the binormal, 
normal and tangent of the current segment (using the 
triangle for the anchor point). The components are 
arranged as:

!

""#

ê1
x ê2

x ê3
x tx

ê1
y ê2

y ê3
y ty

ê1
z ê2

z ê3
z tz

0 0 0 1

$

%%&

The order was changed once implemented into 
Maya as the multiplication:

!v!
4 = M4x4!v4

in Maya becomes:

!v!
4 = !v4M4x4

The reason for creating the transform matrices  is 
to be able to store gold positions (explained later) in 
local space and avoid the use of trigonometry (an-
gles). 

n̂

n̂

Mp1

Mfeather

Figure 2. Feather model

In order to reconstruct the orthogonal basis for 
segment i (the matrix at pi ) the normal is defined as:
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n̂pi =
pi ! pi!1

|pi ! pi!1|

The other two vectors; the tangent and the bi-
normal,  needs also t be reconstructed. Using the 

plane formed by n̂pi  and b̂npi!1  the tangent t̂pi  is 
calculated  as:

tpi = n̂pi ! b̂npi!1

The final binormal is calculated as:

bnpi = t̂pi ! n̂pi

Both the binormal and the tangent are normalized 
to ensure unit length. For the translation component 
the coordinates of pi were used.

The way the matrices are constructed it is always 

possible to get the world coordinates for any point 
defined in local space. This is convenient for collision 
handling and physics. Also while limiting the motion of 
the feather (no user control of “twisting”)  it does result 
in a natural feel when deformed.

The node points of which the feather consisted 
varies between being described in feather-object 
space or local space depending on the application.

3.2.1. Locking onto a triangle
The orientation of the feather was a big problem in 

the beginning of the project. Using simply a normal to 
keep track of the orientation would make the feather 
spin uncontrollably (making feathers point in the 
wrong direction during animation).  The first problem 
was to prepare the system from combing functional-

ity.  Using normals and a “flow” vector, feathers re-
ceived desired orientation as the feather-object matrix 
was created.

However as soon as the surface was animated, 
causing the triangle to deform over time, the orienta-

tion was soon lost and as it wasn’t upheld properly. 
Further study showed how to obtain an orthogonal 
base matrix for every vertex.

Using UV-texture coordinates,  supplied as default 
by maya, a tangent and binormal vector can be re-

trieved. One downside is that these additional vectors 
are only orthogonal in texture space, per face and 
vertex. Feathers are rarely placed exactly on a vertex, 
and even if they are, every vertex has  a different tan-
gent vector for every face it is  connected to. There-

fore it is  needed to find out which triangle a feather is 

connected to and its parametric coordinates for that 
particular triangle. 

This  functionality is oddly enough not supplied by 

Maya so an internal triangle structure was created. In 
order to quickly find the triangle a feather is con-
nected to, some sort of tree-structure is required. 
Based on earlier code provided by Fido Film, a BSP-
tree for computing the closest point is used. Func-

tionality for calculating the barycentric coordinates 
was added allowing for normal and tangent interpola-
tion over the triangle.

The interpolated normal and tangent are not or-
thogonal however so the tangent is projected on the 

plane created by the normal and then normalized. For 
the third vector, the binormal, simple cross product is 
used creating all the required vectors  for a orthogonal 
basis. Storing only the barycentric values and triangle 
index for each feather allowed for correct behavior 

during animation as well,  retaining orientation as the 
surface deforms. 

3.3. Simulation approach
An attempt at full simulation of feathers was 

made. The problem however showed to be much 
more complex than originally estimated (resulting in 

setbacks after the first 1 and a half month of imple-
mentation).  In the beginning explicit integration was 
used together with interference detection rather than 
true collision detection (continuos).  Also a naïve parti-
cle repulsion was used which resulted in odd behav-

ior and massive object-to-object penetration (since 
collisions  could not be properly handled).  The model 
was then completely reworked borrowing many as-
pects from cloth and hair simulation as  presented by  
[Kim 2006], [Bridson et.  al. 2002] and [Selle et. al. 

2008]. The revised model was never fully imple-
mented since the exact time-stepping wasn’t com-
pleted. Also alternative approaches where explored 
since full simulation was not necessarily desired.

3.3.1. The feather
Simulating the feather proved quite the challenge. 

Earlier work done by [Dave et. al. 2006] have used 
hair simulation by making a special type of hair with 
feather properties. In order to simulate hair there are 

two potential methods. One is  a rigid-joint system 
and the second a mass-spring based system. A 
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mass-spring system requires  less computation than a 
rigid-joint system, a feature that is  desired. Also ac-
cording to [Kim 2006], a mass-spring system inte-

grates better with a collision handler and the rigid-
joint approach was  therefore never pursued. Using 
mass-spring the spring is described as:

Fspring = !kx! bẋ

A simple implementation shows that such a 
spring becomes very elastic,  a feature that is  not 
shared by either hair nor feathers. In order to make 
the spring stiff one needs a large constant k. This 
however forces integration over very small intervals 

!t or the system becomes unstable. An alternative is 
to use implicit springs, but as explained in [Kim 2006] 
it will still cause unnatural behavior. [Provot 1995] 
however suggested a novel approach of relaxation 
which was later refined by [Bridson et. al.  2002]. It  

allows us to use explicit time stepping and yet use 
small k since we remove any super-elastic behavior. 
The method is described in greater detail in chapter 
“Strain limiting”.

gold position

feather node

anchor point

Figure 3. Feather gold positions

As suggested by [Kim 2006] a piece of hair has a 
tendency to move towards a rest position and a 
feather even more so. That is why angular preserva-
tion is introduced in order to maintain a defined rest 
position. Computing trigonometry is  very costly and 

non-linear,  so a novel approach is used instead. For 
every segment of the feather a base matrix is  defined 
containing ê1 , ê2 , ê3  and t  which is the translation 
component. In this  space a gold position is defined 
and for every simulation an implicit spring is created 

between the segment endpoint and the gold position 
emulating a angular preservation behavior (illustrated 
in Figure 3).  The reason for using an implicit spring is 
that it needs to be stiff but not as stiff as with strain 
limiting. The implicit spring used is linear and defined 

in [Selle et. al.  2008] as:

Fn+1
spring =

k

l0

!
(xn

2 ! xn
1 )! d̂n ! l0

"
d̂n + !t

k

l0

#
vn+1
2 ! vn+1

1

$!
d̂nd̂n

To introduce damping into the model one simply 

uses:

!t
k

l0 + b

Where b  is the usual damping coefficient.

This  spring is  fairly stiff and since it is  implicit one 

can still use large time steps !t  which doesn’t slow 

down the simulation overall.

Strain Limiting
In order to use feathers with a mass-spring sys-

tem, the stem springs have to be very stiff. In fact if 
they are treated as infinitely stiff it would give a more 
natural  behavior. Suggested by [Provot 1995],  one 

can use relaxation to make the springs behave as 
infinitely stiff. By introducing an impulse based velocity 
along with the relaxation, momentum is  preserved. 
This  was suggested in [Bridson et. al. 2002] and is 
done in the following order [Kim 2006]:

!
"

#

vn+ 1
2 = vn + dt

2
F n+1

m

xn+1 = xn + dtvn+ 1
2

!
"

#

x̃n+1 = xn+1 + xcorr

ṽn+ 1
2 = vn+ 1

2 + xcorr

dt

vn+1 = ṽn+ 1
2 + dt

2
F n+1

m

The relaxation is  a part of the internal dynamics of 
the feather. Since the stem of the feather is a similar 
to hair, it is possible to simply relax the system from 
the bottom particle (the anchor)  and out to the tip as 
done by [Selle et. al. 2008]. 

3.3.2. Interaction between feathers
Each segment on the feather is a convex object 

and thus GJK can be used to find collisions. Since 
feathers  are very thin and move large distances over 
!t it  is  necessary to check for collisions continuously. 

This  is done by creating an AABB  box for object A  at 
time t ,  and then another AABB  for object A  at time 
t + !t . These two boxes are then merged and the 
process  is  referred to as a proximity test.  The idea is 
also used in [Bridson et. al. 2002], but instead of 
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building a tree, a hierarchical grid is  used since it has 
O(1) time for insertion and removal.

If the proximity test returns an interference more 

precise testing will be conducted for the two objects. 
A convex object representing the movement of the 
two feathers over time t  is created. Using GJK it is 
possible to then find if they intersect at any point and 
determine the time of impact down to an error toler-

ance level !tolerance . This process is done iteratively 
and therefore takes linear time, however several op-
timizations can be done to make the cost near con-
stant for a given tolerance. Since the GJK-algorithm 
uses a simplex to find out if collisions occur,  re-using 

the vertices used to build the previous simplex is an 
ideal starting set which reduces calculation time dra-
matically.  Also the support function can be enhanced 
by caching adjacent information and then use “Hill 
Climbing” as proposed by [Ericsson 2004] and [Ber-

gen 1999].

As collisions are detected a list of collision pairs 
are created. The list is  sorted with respect to the time 
of impact where the earliest impacts are to be han-
dled first. When two objects collide they are regarded 

to engage in an inelastic collision. It guarantees no 
further collision between the two objects  for time step 
!t. There is still an issue of multiple impacts though, 
and the use of inelastic collisions is extended to cre-
ate rigid impact zones.

Rigid Impact Zones
When conducting continuous collision detection 

and response some issues arise. There is  the issue of 
multiple or simultaneous impacts. In these cases it is 
desired to achieve simultaneous movement i.e. colli-

sions are detected and handled as they occur in time. 
Implementation however will create a very slow sys-
tem or perhaps fail all together. 

A simplification would be to have a small interval 
!t for which all impacts are considered simultaneous. 

However for correct collision handling it is  still neces-
sary to deal with the collisions within !t in the order 
they occur. A possible solution to this problem has 
been proposed by [Provot 1997]. It introduces an 
additional requirement: all  impacts should be consid-

ered inelastic collisions.

Once a inelastic collision occurs,  the two particles 
are given the same velocity. Therefore one can think 

of it as a rigid body. Any additional collisions between 
other feather particles will help grow the rigid body 
whilst ensuring that all particles remain collision free.

Calculating the center of mass  and velocity is 
rather simple and is given by the following equations 
[Provot 1997]:
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Additionally one needs to calculate the angular 

momentum:
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The symbol !  denotes a 3x3  identity tensor. From 
this the angular velocity is calculated and used de-
termine the new speed after the collision for any 
feather particle !v
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In the implementation made collisions where 

sought for every possible collision pair using iterative 
GJK where !t  was halved for every iteration. Once a 
collision had been found at time t with desired preci-
sion, the collision pair was stored in a stack sorted by 
collision time t  in an ascending order. The first colli-

sion occurring was  then resolved creating a RIZ and 
then checked again for new possible collisions. If no 
other collision occurred the program moved on the 
next collision pair. If more collisions with the RIZ 
where present they were put back into the sorted 

stack, resolving all collisions chronologically. However, 
within this timeframe, no additional simulation to the 
overall system was done.

Since Maya operates differently with matrices  then 
the internal code (which the author would argue is 

correct according to [Poole 2003]) the code was  only 
tested in isolated environments.

In-between Frames
Even though a lot of effort went into making it 

possible to use large steps in time (!t ), it  will still not 

be as big as 1/24 of a second, the standard frame 
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rate for movies. Therefore it will  be required to inter-
polate the mesh in-between frames. To enable fast 
point based testing for the mesh it  might be a good 

idea to create a level-set and use advection, possible 
as  described in [Selle  et. al. 2008]. It also gives  a 
good estimation of the mesh in motion.

In order to create an initial level-set, a algorithm 
suggested by [Mauch 2000] was deemed efficient, 

yet simple enough using scan-conversion and voronoi 
regions. The simulation path never got this far as it 
would have been necessary to develop and imple-
ment a custom level-set library,  and there was simply 
not enough time. A few open source libraries where 

looked at but tweaking them to fit the application 
would have been equally time consuming.

3.3.3. Time stepping
One of the more crucial aspects of the simulation 

is  the time stepping. In order to mix implicit and ex-
plicit advancement (creating a semi-implicit time 
stepping) great care had to made into carrying out 
operations  in the correct order. The final draft of the 
time stepping is heavily influenced by those in [Brid-

son et. al. 2002], [Kim 2006] and [Selle et. al. 2008]. 
Since implicit springs are linear there is no need to 
implement Newton-Raphson iteration1.

Using a mid-step to determine candidate posi-
tions the procedure is as follows:

vn+ 1
2 = vn + !t

2 · Fn

xn+1 = xn + !t · vn+ 1
2

Both updates are only candidate positions which 
will be adjusted in order to prevent collision. The first 
thing done to both position and velocity is strain limit-
ing to avoid unnatural stretching of the feather. The 

adjusted value is then checked for collisions as de-
scribed earlier .  Once a collision free position has 
been achieved the implicit forces  are updated and the 
final velocity is determined using another half step:

vn+1 = vn+ 1
2 +

!t

2
· Fn+1

The proposed model was only tested in demo-
applications and might therefore not be sufficiently 
stable for production. An alternative final step would 

be to extrapolate from the mid-step velocity as de-
scribed in [Selle et. al. 2008].

3.4. Distance based approach
According to [Limsäter 2008], a renowned special 

effects studio used a simpler method for handling 
feathers. The mesh was created in a “base-pose” and 
then feathers where added by an artist.  When all the 
feathers  had been created the distance between the 
feathers  and the underlying mesh was stored. The 

goal for the system was to maintain the same dis-
tance during animation. This approach gives great 
artistic control but on the flip-side it  also requires a lot 
more work. A similar approach was used by WETA for 
the Lord of the Rings trilogy according to [Aitkin et.  el. 

2004].

For the owl in the Harry Potter movie which 
[Limsäter 2008] had worked on, a more complicated 
method was used. The mesh for the bird is first vox-
elized, and then feathers are added in drawing order 

(or as close to drawing order as possible).   The feath-
ers  are placed in an upright position and then itera-
tively lowered until  desired elevation is reached When 
a feather has been placed it is added to the voxel 
volume before the next feather is added. This ap-

proach does not have frame to frame consistency 
and gives rise to popping issues.

The below outlined approaches fair somewhere in 
between these two. Voxles are used in one method in 
order to do fast ray-tests, placing feathers in close-to 

draw order. But the systems also have a goal of 
keeping the distance and have some frame-to-frame 
consistency (using previous  feather as candidate po-
sition).

3.4.1. Voxelization
The implementation of voxelization is  based on 

[Huang et. al. 1998]. It proves  that to create 26-
adjacent voxels  the radii for the sphere swept triangle 
can be determined as:

Rc =
!

3
2

L

Where L  is the width of a voxel cell. The algorithm 
suggest voxelizing vertices, edges and triangles  sepa-
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rately using spheres for vertices, cylinders for edges 
and polyhedras for triangles. Assuming all vertices 
which are connected to an edge, a capsule model 

(also known as sphere swept line) is used since it’s 
easier to compute. When using a capsules both the 
vertices and the edges are voxelized at the same 
time. For triangles the barycentric coordinate of the 
grid point relative to the triangle is  computed. If all 

three barycentric coordinates are positive then the 
distance to the plane are compared to see wether the  
distance is smaller than Rc . Most components for 
calculating barycentric coordinates are also cached 
for optimization reasons. All computations only 

needed squared distances (which avoids a costly 
square root call)  and are easily multithreaded. In order 
to avoid brute-force calculations AABB  boxes are 
created in order to limit the amount of grid points 
needing to be tested.

However,  while proving an excellent voxelization, it 
doesn’t have the needed functionality. To make the 
voxelization described by [Huang et.  al. 1998] useful  
one would have to use incredibly high resolution vol-
umes (50003  or probably more). This  becomes too 

expensive to compute and store, therefore modifica-
tions are used. During the process of creating voxels 
the radius Rc  is  used to determine if the voxel is 
empty or solid. It is however more convenient to store 
the distance instead, creating a distance/density field. 

This  field can then be used to interpolate values and 
thus a point cloud is created rather than normal vox-
els.

There is a problem with this approach though. 
Since the radius Rc  is less  than L  a gap occurs in 

values when interpolating, therefore it is needed to 
have a Rc which is greater or equal to L.  In order to 
simplify usage,  all the distances are normalize accord-
ing to the following equation: 

d =
distance

Rc

This  way the field becomes  continuous and it is 
possible to interpolate the entire field.

Ray-marching
In order to determine the distance to the volume, 

rays are cast from every vertex of the feather stem 
along the binormal direction. For this  a ray-marching 
algorithm proposed by [Amanatides & Woo 1987] is 

used. One possible weakness of the ray-marching is 
even though one marches  through grid points the 
algorithm uses floating point values for determining 

direction. Because of this, finite float precision errors 
may occur for very large grids or very small voxels.

Empty Empty Solid

Figure 4. Ray versus volume search

Since a point cloud is used, the implementation 
needs to be modified when stepping through the 
data. To find a surface value requires interpolation 
between points. Interpolating all the way through the 

volume data is far from optimal so a hybrid structure 
is  used. Voxel are used as  described in [Amantides & 
Woo 1987], where each voxel has 8  points associ-
ated with it. Every point is part of a maximum of 8 
other voxels.  If any point of a voxel has a value 

greater than 0 the voxel is defined as solid and sub 
sampling is used to find the surface as illustrated in 
Figure 4. The surface is described as  a threshold 
value (also known as an iso-surface threshold). This 
gives  more accurate results  while still retaining most 

of the speed of the original algorithm. To lessen the 
memory footprint, all distance values are stored with 
8  bit precision and a voxel is stored with 4 bits (allow-
ing for indexing if desired). Thus storing volumes 

above 5123  are completely possible on a normal 

desktop computer.

Keeping the distance
Once the model is voxelized the algorithm starts 

with a feather which has no other feathers below it-
self. On a bird such a feather would lie at the tail of 
the bird. All  feather need to be placed with manually 
with an index telling the algorithm which feather lies 
furthest below. Perfect overlap would enhance the 

simulation but the system is quite insensitive.

The feather is constructed from the point of the 
stem attached to the body and out to the tip where 
every segment is tested for a collision-free position. 
However since the test is only conducted for discrete 

points (not over the area of the feather), testing multi-
ple points increases accuracy. 
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In the beginning only the stem points were tested, 
providing poor results. Attempting to remedy this, 
points on each side of the stem point are tested also. 

While the system showed a slight improvement, a 
very clear “puffing effect” took place. This is due to 
the feathers trying to create too great of a distance 
between each other. To resolve this voxels  for feath-
ers  and voxels for the mesh are indexed differently (if 

a voxel is  both produced by a feather and a body, the 
body index is  stored for the voxel). Using the different 
indices, the feather does not try to keep as  large of a 
distance to another feather as it does  to the mesh. 
This  drastically reduces the effect, but in turn intro-

duce other problems. The search distance for feather 
to feather interaction has become to narrow causing 
each to move the feathers into interfering positions.

Further checks could be done by shooting rays 
inside the feather to ensure that the feather was not 

inside another feather. These fixes however will be 
more like “hacking” what is already a profoundly bro-
ken algorithm.

3.4.2. Closest point to surface
An alternative to voxelization is  to use a technique  

less  intensive.  Instead of checking for collisions be-
tween feathers, each feather tries to keep a set dis-
tance to the body. In order to do this  the BSP-tree 
developed for locking the feathers onto the surface is 

used (finding the closest point on the surface). For 
each node in the feather stem in its “base-pose” a 
closest point on the body is searched. If one is not 
provided within a certain distance the feather will  try 
and maintain its current orientation. 

For every new frame, the previous feather stem of 
the feather is used as a starting pose, making de-
formed feathers  remain deformation. While this has 
the drawbacks of permanently deforming some 
feathers, using the original feather stem instead in-

duces popping effects. The deformation could be 
minimized with further restrictions.  Introducing these 
restrictions again however are a way of “hacking” a 
broken algorithm to work for limited cases and the 
method was therefore not explored much further.

3.5. Tools
Something in-common (mostly)  for both ap-

proaches are the tools to be used by the artists. The 

tools can be divided into two distinct stages  where 
one is never used for other purposes than develop-
ment.

3.5.1. Rigging
The first step consists  of rigging the model with 

feather points.  A lot of Maya’s tools are used in con-
juncture with developed tools. The approach to plac-

ing feathers was decided early on and has  numerous 
advantages  both for workflow and simulation. Feath-
ers  are not placed directly but rather NURBS curves 
are used for easier management. Each curve is 
placed using the “Live” tool in Maya which allows for 

knot points  to be placed directly on the polygon sur-
face. During the rigging phase these can be moved 
freely but once it’s time for animation the positions 
become locked. Maya cannot handle a mix of 
NURBS and polygons  for live surfaces during non-

linear deformation so the barycentric coordinates are 
used instead.

Every curve placed is also indexed in an ascend-
ing order.  The feathers for the curve with the lowest 
index are created first, and then the second lowest 

index and so on and so forth. This is  required by the 
collision detection when not using simulation.

Figure 5. Development tool placement (top) artist 
placement ( bottom)

When production started however, artists  created 

wings using only planes in Maya and so an alternative 
way was created for placing feathers. It uses custom 
planes and converted them to an internal structure. 
The conversion process  gives rise to some distortion 
since rotations are not handled the same way (not 
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stored separately for the feather system),  but it pro-
vided something that largely looks like the original. 
The difference between the two ways of creating 

feathers are shown in Figure 5.

3.5.2. Animation
Since no final model was chosen, models still 

being evaluated at the very end, animation consisted 

of simple  simulation between keyframes in the Maya 
view. Tools for storing animations where never cre-
ated, nor needed since the results where never quite 
satisfying.
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4.Results and Discussion

The simulation never reached a fully functional 
state and was thereby not used. However the ideas 
evaluated were sometimes promising if slow. Simple 

algorithms where chosen since several papers point 
out valid improvements  and optimizations  which 
could be implemented in the final stages of the devel-
opment. Because of the estimated time it would take 
to implement these algorithms would greatly exceed 

the time available, another approach was chosen for 
the remaining time. As described in the previous 
chapter, the idea was to use a time discreet approach 
with no dynamics planned. This  stage of the devel-
opment was especially interesting and insightful.

A little less than half of the remaining time was 
used to develop tools to test the feather system in 
essentially production environment. Starting with cus-
tom created tools  for placing feathers and locking 
them onto the mesh, but moving on to artist placed 

feathers  of both varying shape and size. It was during 
the later that the obvious flaws of this approach be-
came excruciatingly visible.  During the month of in-
tensive testing it become clearer that this approach 
was doomed if any kind of frame to frame consis-

tency was to be had. Since both the mesh and the 
feathers  are deformable, using a time discreet ap-
proach for such thin objects  caused plenty of interfer-
ence between objects, and one could safely assume 
that this would occur every frame. Resolving these 

interferences are most likely to cause new interfer-
ences and so the system never manages to cope 
with all the feathers.

Why then was not a time continuous collision 
detection model chosen from the very beginning?  Put 

bluntly, inexperience.  The problem with continuous 
collision detection is that it is  hard to solve and com-
putationally heavy. It also requires an extra step when 
resolving the collisions during the simulation phase 

and how these two parts  integrate together. A possi-
ble solution to this problem was not obvious at the 
beginning, but became clearer as  the project moved 

along. Still it is only a theory of how things  could work 
and still needs to be tested, evaluated and most 
probably improved. It might not bring along the solu-
tion but using continuous collision detection is the 
most likely way to solve this  problem if one wants to 

use any form of dynamics.

In some cases the simpler approaches might be 
sufficient and they will therefore be discussed in more 
detail below, along with their draw backs.

4.1. Theory versus practice
It must be mentioned that a lot of effort was put 

into learning the tools  used such as Maya, and how 
to create plugins for production environment. While 
the documentation for Maya is complete, if not en-
tirely helpful, it is widely used and therefore has a 
large community. This definitely helps development. 

Also the talented team at Fido Film had plenty of 
creative input to give.  Their experience with Maya 
helped avoid the usual pitfalls when working with 
development as a whole.

Nevertheless, Maya is a very old tool and a lot of 

code has not seen any updates recently. Having this 
project on newer 64-bit systems using 4-8  cores 
didn’t go along entirely well with development.  While 
some things where quick fixes, they required tedious 
research on the Internet. For threading one simply 

had to give up using most of the supplied API since it 
behaved very strangely.

Underlying tools had to be developed for testing 
most of the approaches. These tools consisted of 
internal structures  for triangles (since Maya uses 

polygons and does not supply easy access to a trian-
gles), trees for searching the closest point and retriev-
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ing barycentric coordinates and voxelization. The last 
being something that evolved into a normalized dis-
tance field. While many of the components used easy 

to understand algorithms, integrating each part with 
Maya proved a programming challenge. It was a 
valuable experience and provided much insight into 
the workings  of both of the algorithms and Maya,  but 
took its  toll on the development time for the inexperi-

enced.

4.2. Collision detection and 
response

Time is always the enemy, especially so for simu-
lation.  Not only was the development time for the 
project limited, but the simulation itself needs to know 
its boundaries. Creating a simulation proved difficult 

since feathers move great distances relative to their 
thickness and one can assume the there will  be mas-
sive amounts of collisions. The problem initially was 
that what was thought of as collision detection was 
actually interference testing [Ericsson 2004]. Meaning  

collisions  were not detected as  they occurred but 
rather if or if not they had occurred.  This made resolv-
ing the matter very difficult. Also the cheer number of 
false positives using large bounding volumes  to make 
up for the time discrete testing would potentially 

make the system extremely slow while providing poor 
results.

As the project moved along, it became clearer 
that discreet time testing would not be sufficient, and 
managing simultaneous collisions is a big issue. A lot 

of inspiration was found in cloth simulators by [Provot 
1997] and [Bridson et. al. 2002] and also hair simula-
tion [Kim 2006] and [Selle et. al. 2008]. The methods 
used where however not trivial and required solving 
cubical equations and using Newton-Raphson solv-

ers. Because the project had used up half of its time it 
was deemed that these solutions although promising 
where to risky with the given time. And so simpler 
alternatives where approached, leaving the simulation 
part behind. This  also comes from the fact that many 

studios  [Aitkin et. al. 2004] [Limsäter 2008] have 
walked the same path.

Before the road was completely abandoned, a 
simpler solution for continuous collision detection was 
designed using the simpler GJK-algorithm for CCD 

[Ericsson 2004]. This was instead of the triangle wise 
cubical equations  of [Bridson et.  al. 2002]. Also angu-
lar springs [Kim 2006] where discarded making the 

system linear potentially removing the need for 
Newton-Raphson solvers. For simultaneous colli-
sions, rigid impact zones where used [Provot 1997] 
[Bridson et. al.  2002] with promise of a stable yet 
plausible simulation.  Newer methods where exam-

ined [Harmon et. al. 2008] but never implemented. 
The system became somewhat daunting with so 
many parts being tested in isolated environments and 
never finally put together in a working solution. This 
might be something left for future study.

The GJK approach also showed several weak-
ness that would ultimately slow the system down. 
When two feather segments in close proximity moved 
in the same direction with a relative speed close to 0, 
the iteration process would possibly detect this as an 

collision after many iterations.  This would create a 
RIZ, although it would not cause many visual artifacts 
(since at such a low relative speed, objects  could be 
considered moving as on),  it would however be a 
computational waste.

Another lesson learned was the separation of 
forces. In the beginning repulsion forces (between 
particles) and spring forces were treated equally, 
stored in the same vector. However as discussed in 
[Bridson et. al. 2002], inner dynamic forces and re-

pulsion forces  should be kept separate. A lot of ex-
perimenting during the development of the feather 
also confirmed this as many steps alter velocities  and 
forces.

4.3. Cheating is no good
One major drawback of simulating feathers as 

opposed to key-framing them is the loss of creative 
control.  Artists working with the feather system need 
to be able to adjust the animation to a more visually 
pleasing result. This also often includes removing 
artifacts from the simulation itself. The amount of time 

needed to adjust a broken simulation is simply too 
great and it would be easier to introduce some simple 
constraints for a “base” animation and then additional 
key-framing for a more life-like movement. In other 
words you cheat.
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Cheating however, while simpler is  not simple by 
far. The goal is to create something that is computa-
tionally cheap but provides good enough results.  Now 

for specialized cases  this might be possible, such as 
creating the feather coat on a largely undeformed 
body (perhaps the body of the bird during flight). A 
general approach is however much harder, and the 
goal of this study was for a more general approach. 

Several ideas were evaluated, but all of them proved 
insufficient in the general case.

4.3.1. Closest point to the body
When a major Hollywood studio was faced with 

the issues of feather simulation [Limsäter 2008] the 
studio fell back on a very simple system. Each stem 
vertex in the feather stored the closest distance to the 
underlying body, discarding other feathers. The goal 
for the system was to maintain this distance at all 

times. This approach was possibly the best although 
less  dynamic of the alternative approaches. Stem 
vertices with a closest point on the body to search for 
a distance against faired better than the other ap-
proaches during bending (it should be noted that 

during limited bending most systems behaved 
somewhat decent).

Figure 6. Closest point method, problematic area at 

the top of the wing 

Problems quickly occurred however on feathers 
placed on edges of the wing as shown in Figure 6.  If 
no closest point was found within a reasonable dis-

tance i.e. feathers failing the find closest point search, 
the rest of the feather segments were instructed to 
maintain current orientation. This resulted in feathers 

having closest points to adjust to sliding through 
these feathers. Feathers also had a tendency to curve 
along the edges creating a “snapped” feather look 
along edges.

4.3.2. Search vector and voxelization
In an attempt to resolve the issues with the clos-

est point to body approach a search direction was 
introduced in addition to distance check against 
feathers. This  approach, while solving the issue it  was 

designed to solve, introduced new problems. Trying 
to keep a fixed distance from all surfaces  in the 
search direction resulted in plenty of popping where a 
feather would slide under another resulting in a jump. 

Figure 7. Ray search method, zoomed in on 
problematic area

A voxelization was used as opposed to a closest 
point tree and thus we introduced a voxel index mak-

ing the jump smaller when feathers slide under and 
over each other. This greatly reduced the “swelling 
ripple effect” of the feathers, but since everything was 
time discrete, new interferences were introduced 
every frame and solving these can only be done by 

making the system guess where to move. In a further 
attempt to make it easier for the system we ordered 
the feathers to ensure that the feathers  placed under 
other feathers would be tested first, hence we could 
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always move them upwards since it is supposedly 
free space. This  worked decent during testing with 
custom tools,  in production with artist placed feath-

ers, even this approach failed, highlighted in Figure 7.

Since the system tried to resolve already occurred 
collisions  without really knowing where other feathers 
where located and only using points and lines on the 
feather to detect interference, many collisions where 

simply not detected by the system. Improving upon 
this method would require very extensive testing and 
“guessing” by the system making it unusable for pro-
duction because of calculations  and does not in any 
way guarantee convergence, ultimately breaking the 

system.
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5.Conclusion

Since the simulator was not finished during the 
given time frame, further research is  required. There 
were some important lessons learned however as to 

how to solve this complex problem.

First and foremost,  for any general case feather 
simulation a continuous collision detection algorithm 
should be used. Any attempts at time discreet alter-
natives proved futile for a general case.

Secondly, much of the research done on hair and 
cloth are applicable for feather simulation. The main 
problem lies in choosing which parts to implement 
and making all algorithms work for a single stable 
system. In this  paper the use of GJK as  an interfer-

ence detection algorithm, however for a production 
environment it would probably be more efficient to do 
per vertex-triangle and per edge-edge testing.  Finding 
coplanarity as described in [Bridson et.  al. 2002] 
would make the process almost linear as opposed to 

iterative as described with GJK.

Applying a good algorithm for handling simultane-
ous collision is also crucial.  Here we have the consid-
erably more proven RIZ and also newer algorithms 
such as one proposed by [Harmon et. al. 2008].

The feather model proposed in this paper showed 
potential although it limits the behavior for twisting 
motions. In most cases this limitation is  not visible but 
when subjected to strong wind forces or turbulence it 
would make the feathers seem less real. This effect 

could be soften with the use of some hair simulation 
on the feather. 

5.1. Future Work
One aspect that needs  considerable more work in 

this paper is the time stepping. Although the time 
stepping was outlined it was never fully tested and is 

also the least understood part. Possible integration of 
Newton-Raphson for implicit components  as well as 

the validity of the extrapolation and the mid-step 
method suggested need to be explored. While the 
end result using these methods might not be com-

pletely physically correct,  if it looks good and remains 
stable it should be considered good enough.

Also there are some issues with the feather model 
as  the stem is the only interactive part.  A more com-
plex model should be investigated for more dynamic 

feathers.

If full simulation should be implemented, interpo-
lating  the feather body for in-between frames also 
becomes necessary. Although there are more ways 
than one to do this, a common approach would be to 

create a level-set and use advection as done by [Selle 
et. al. 2008].

Another aspect of feather simulation completely 
left out in this  paper are the aerodynamic properties 
of feathers,  since a feather occluding another feather 

in the direction of the wind would change the wind 
force exerted on the occluded feather. The effect is 
potentially of less importance when looking simply at 
the visual quality.
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