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PRE-REQUISITES

This course is for programmers and researchers who have done some implementation of
3D graphics. Familiarity with fundamentals of computer graphics, numerical linear
algebra, differential equations, numerical methods, rigid-body dynamics, collision
detection and response, physics-based illumination models, real-time techniques is highly
recommended but not mandatory.

INTENDED AUDIENCE

Target audiences include special effects developers, technical directors, researchers, and
game developers, who are looking for innovation as well as proven methodologies in
simulating real-time hair. During the course, audiences will obtain knowledge on state of
the art and working solutions for hair animation.
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PREFACE

Modeling hair is essential to creating convincing virtual humans and animated characters
for many diverse CG applications. However, hair modeling is a difficult task primarily
due to the complexity of hair. A human head typically consists of over 100,000 hair
strands. However, each individual hair strand is quite small in diameter. Considering this
duality, researchers have examined whether hair should be treated as an overall volume
or as individual interacting hair strands. In the real world, the structure and visual
appearance of hair varies widely for each person, making it a formidable task for any one
modeling scheme to capture all diversities accurately. Moreover, due to the high
complexity of hair, the algorithms that provide the best visual fidelity tend to be too
computationally overwhelming; while many applications have strict performance
requirements. Additionally, there are still unknown properties about real hair, making the
creation of a physically plausible modeling scheme elusive at this time.

This course will examine some of the latest developments on hair modeling, with focuses
on balancing visual fidelity and real-time performance. We will present realistic
accelerated hair rendering algorithms that take advantages of the modern programmable
graphics hardware features. We will describe the geometric and physical properties of
hair and how external substances (e.g. water and styling products) influence the dynamic
behavior and visual appearance of the animated hair. We will discuss different novel
representations and simulation techniques to significantly improve the performance of
hair dynamics computation, while achieving realistic appearance of animated hair. In
addition, we will also look at different application and system requirements that govern
the selection of appropriate techniques for interactive hair modeling. Finally, we will
examine the future needs of creating special effects and high-quality animated films, in
addition to interactive applications.

Ming C. Lin and Nadia Magnenat-Thalmann
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A Survey on Hair Modeling: Styling, Simulation,
and Rendering

Kelly Ward Florence Bertails

Abstract— Realistic hair modeling is a fundamental part of
creating virtual humans in computer graphics. This paper
surveys the state of the art in the major topics of hair modeling:
hairstyling, hair simulation, and hair rendering. Because of
the difficult, often unsolved, problems that arise in all these
areas, a broad diversity of approaches are used, each with
strengths that make it appropriate for particular applications.
We discuss each of these major topics in turn, presenting the
unique challenges facing each area and describing solutions that
have been presented over the years to handle these complex
issues. Finally, we outline some of the remaining computational
challenges in hair modeling.

Index Terms—Hair modeling, physically-based simulation,
hardware rendering, light scattering, user-interaction

I. INTRODUCTION

Modeling hair is essential to computer graphics for various
applications, however, realistically representing hair in struc-
ture, motion and visual appearance still remains a challenging
issue. Hair modeling is an important contribution towards
creating convincing virtual humans for many diverse CG
applications.

Hair modeling is a difficult task primarily due to the
complexity of hair. A human head typically consists of a large
volume of hair with over 100,000 hair strands. However, each
individual hair strand is quite small in diameter. Considering
this duality, researchers have examined whether hair should be
treated as an overall volume or as individual interacting hair
strands. Currently, there is no method that has been accepted
as the industry standard for modeling hair.

In the real world, the structure and visual appearance of
hair varies widely for each person, making it a formidable
task for any one modeling scheme to capture all diversities
accurately. Moreover, due to the high complexity of hair the
algorithms that provide the best visual fidelity tend to be
too computationally overwhelming to be used for interactive
applications that have strict performance requirements. The di-
verse applications that incorporate hair modeling each possess
their own challenges and requirements, such as appearance,
accuracy, or performance. Additionally, there are still unknown
properties about real hair, making the creation of a physically
correct modeling scheme elusive at this time.

In this survey, we will discuss the primary challenges
involved with modeling hair and also review the benefits

Walt Disney Feature Animation
GRAVIR-IMAG, Grenoble, France

Rhythm & Hues Studio

Cornell University

GRAVIR-IMAG, Grenoble, France
University of North Carolina at Chapel Hill

Tae-Yong Kim  Steve Marschner Marie-Paule Cani

Ming C. Lin

and limitations of methods presented in the past for handling
these complex issues. Furthermore, we will give insight for
choosing an appropriate hair modeling scheme based on the
requirements of the intended application.

A. Hair Modeling Overview

As illustrated by Magnenat-Thalmann et al. [1], hair mod-
eling can be divided into three general categories: hairstyling,
hair simulation, and hair rendering. Hairstyling, which can be
viewed as modeling the shape of the hair, incorporates the
geometry of the hair and specifies the density, distribution,
and orientation of hair strands. Hair simulation involves the
dynamic motion of hair, including collision detection between
the hair and objects, such as the head or body, as well
as hair mutual interactions. Finally, hair rendering entails
color, shadows, light scattering effects, transparency, and anti-
aliasing issues related to the visual depiction of hair on the
screen.

While there are several known techniques for hair modeling,
hair research began by viewing hair as individual strands, or
one-dimensional curves in three-dimensional space [2], [3].
Building on these foundations, researchers have focused on
how these individual strands interact with each other to com-
prise the whole volume of a full head of hair. Though several
paths have been followed, the challenges that encompass mod-
eling a full head of hair remain consistent due to the geometric
complexity and thin nature of an individual strand coupled
with the complex collisions and shadows that occur among
the hairs. The various presented modeling schemes all have
strengths and limitations which will be outlined throughout
this paper. We have considered the following general questions
for analyzing these methods in several categories:

« Hair Shape: Can the method handle long, curly or wavy
hair or is it limited to simpler short, straight styles?

o Hair Motion: Is the method robust enough to handle
large, erratic hair motion that can cause dynamic grouping
and splitting of hair clusters as well as complex hair
collisions?

o Performance vs. Visual Fidelity: Is the primary focus
of the method to model visually realistic hair, to model
hair quickly and efficiently, or to offer a balance between
performance speed and visual fidelity of the virtual hair?

o Hardware Requirements. Does the method rely on
specific GPU features or other hardware constraints or
does it have cross-platform compatibility?

o User Control: To what degree does the user have control
over the hair? Is the control intuitive or burdensome?



o Hair Properties: Can the method handle various hair
properties (e.g. coarse vs. fine, wet vs. dry, stiff vs. loose)
and allow for these values to vary on the fly throughout
the application?

Given the factors mentioned above, a hair modeling method
may typically have strength in some areas, but little capability
in addressing other aspects. One future research endeavor is
to lessen the gap between these areas. The goal is to create
an ideal unified hair modeling structure that can effortlessly
handle various hair shapes, motions, and properties, while
giving the desired level of intuitive user control in a manner
that achieves a fast performance with photo-realistic hair.
Presently, hair modeling is far from this ideal.

B. Applications and Remaining Problems

The future research in hair modeling may be driven by
applications. Cosmetic prototyping desires an exact physical
and chemical model of hair for virtually testing and devel-
oping products; currently, there is little measured data on the
mechanical behaviors of hair to accurately simulate how a
product will influence hair’s motion and structure. As a result,
there is no known hair modeling method that can simulate the
structure, motion, collisions and other intricacies of hair in a
physically-exact manner.

In contrast, in the entertainment industry, such as with
feature animation, a physically correct hair modeling scheme
is not necessarily desirable. In fact, it is frequently a goal to
model a physically impossible hairstyle or motion. In these
cases, a high degree of user control is needed to create a
desired effect. Due to the magnitude of the hair volume,
manually controlling the properties of hair is a time-consuming
and, thus, a costly endeavor. Methods to further accelerate and
ease this process would be valued additions to hair modeling
research.

Another arena that requires hair modeling is interactive
systems, such as virtual environments and videogames. In
these applications, the performance speed of the virtual hair
is the main emphasis over its appearance. Though there have
been many efforts to increase the efficiency of hair modeling
algorithms, there still remains a desire to heighten the quality
of the resulting hair to capture more hair shapes, motions and
properties.

The remainder of this paper is organized as followed.
Hairstyling techniques are reviewed in Section Il. Methods for
simulating dynamic hair are presented in Section Il1l. Section
IV describes the properties of hair related to its interaction
with light, followed by techniques for rendering hair. Finally,
Section V presents new challenges facing hair research and
applications in each of these categories.

Il. HAIRSTYLING

Creating a desired hairstyle can often be a long, tedious,
and non-intuitive process. Numerous hairstyling techniques
have been presented that possess various user interaction
requirements. In this section, the main structural and geometric
properties of real hair that control its final shape are explained,
followed by the methods for styling virtual hair. Techniques

for hairstyling can be categorized into three general steps:
attaching hair to the scalp, giving the hair an overall or global
shape, and managing finer hair properties.

A. Hair Structural and Geometric Properties

There is a diverse spectrum of hair shapes, both natural
and artificial. Depending on their ethnic group, people can
have naturally smooth or jagged, and wavy or curly hair.
These geometric features can result from various structural and
physical parameters of each individual hair strand, including
the shape of its cross-section, its level of curliness, or the way
it comes out of the scalp [4], [5]. Hair scientists categorize
hair types into three main groups: Asian hair, African hair,
and Caucasian hair. Whereas an Asian hair strand is very
smooth and regular, with a circular cross-section, an African
hair strand looks irregular, and has a very elliptical cross-
section. Caucasian hair ranges between these two extrema,
from smooth to highly curly hair.

Furthermore, most people do not simply wear their hair
naturally, but have it cut and styled in various ways, from
simple (hair parting, bangs, etc.) to complex (ponytails, braids,
etc.). Using cosmetic products, people can also modify the
shape of their hair, either temporarily (using gel, mousse, etc.),
or permanently (through permanent waving, hair straightening,
etc.). Each kind of hairstyling and hair modification can lead
to a wide variety of artificial hairstyles that can be synthesized
to generate realistic and diverse virtual characters.

The majority of virtual styling methods used today actually
do not consider the physical structure of real hair in their
algorithms. Rather than trying to match the process of real-
world hair shape generation, most virtual styling methods
try to match the final results with the appearance of real-
world hair. Consequently, virtual styling techniques are not
appropriate for applications that may desire a physically-
correct model for the structure of hair, but rather for ap-
plications that desire a visually-plausible solution. However,
there have been recent efforts towards the creation of styling
methods that more accurately reflect the real-world process
of hairstyle generation by considering what is known about
real physical hair properties [6] and by mimicking more
natural user interaction with hair [7]. Though promising, these
endeavors are still at early stages.

B. Attaching Hair to the Scalp

Due to the high number of individual hair strands compos-
ing a human head of hair, it is extremely tedious to manually
place each hair strand on the scalp. To simplify the process,
a number of intuitive techniques have been developed that
employ 2D or 3D placement of hairs onto the scalp.

1) 2D Placement: In some styling approaches, hair strands
are not directly placed onto the surface of the head model.
Instead, the user interactively paints hair locations on a 2D
map which is subsequently projected onto the 3D model using
a mapping function. Spherical mappings to map the strand
bases to the 3D contour of the scalp have been popular
approaches [2], [8].



Alternatively, Kim et al. [9] define a 2D parametric patch
that the user wraps over the head model, as illustrated in Figure
1. The user can interactively specify each control point of the
spline patch. In the 2D space defined by the two parametric
coordinates of the patch, the user can place various clusters
of hair.

Fig. 1. 2D square patch wrapped onto the 3D model by the method of Kim
et al. [9].

Placing hair roots on a 2D geometry is easy for the user
and allows flexibility. But mapping 2D hair roots onto a 3D
curved scalp may cause distortion. Bando et al. [10] use a
harmonic mapping and compensate for the mapping distortion
by distributing the root particles based on a Poisson disc
distribution using the distance between corresponding points
on the scalp in world space rather than their 2D map positions.

2) 3D Placement: An alternative approach is to use direct
3D placement of the hair roots onto the scalp. Patrick et al.
[11] present an interactive interface where the user can select
triangles of the head model. The set of selected triangles
defines the scalp, ie. the region of the head mesh where hair
will be attached, and each triangle of the scalp is the initial
section of a wisp. Shapes of the resulting wisps thus strongly
depend on the head mesh, which could be awkward if some
control on the wisps’ size is desired.

3) Distribution of Hair Strands on the Scalp: A popular
approach for placing hair strands uses uniform distribution
over the scalp as it makes a good approximation of real hair
distribution. Some wisp-based approaches randomly distribute
hair roots inside each region of the scalp covered by the root
wisps sections [12], [13], [14]. But if wisp sections overlap,
a higher hair density is generated in the overlapping regions,
which can produce distracting results. In order to guarantee a
uniform hair distribution over the whole scalp, Kim et al. [9]
uniformly distribute hair over the scalp and then assign each
generated hair root to its owner cluster.

Some approaches also enable the user to paint local hair
density over the scalp [15], [13]. Hair density can be visualized
in 3D by representing density values as color levels. Control-
ling this parameter is helpful to produce further hairstyles such
as thinning hair. Hernandez and Rudomin [15] extended the
painting interface to control further hair characteristics such
as length or curliness.

C. Global Hair Shape Generation

Once hair has been placed on the scalp, it has to be given
a desired global shape which is commonly done through
geometry-based, physically-based or image-based techniques,
which are explained and evaluated in this section.

1) Geometry-Based Hairstyling: Geometric-based
hairstyling approaches mostly rely on a parametric
representation of hair in order to allow a user to interactively
position groups of hair through an intuitive and easy-to-use
interface. These parametric representations can involve
surfaces to represent hair or wisps in the form of trigonal
prisms or generalized cylinders.

a) Parametric Surface: Using two-dimensional surfaces
to represent groups of strands has become a common approach
to modeling hair [16], [17], [18]. Typically, these methods
use a patch of a parametric surface, such as a NURBS
surface, to reduce the number of geometric objects used to
model a section of hair. This approach also helps accelerate
hair simulation and rendering. These NURBS surfaces, often
referred to as hair strips, are given a location on the scalp,
an orientation, and weighting for knots to define a desired
hair shape. Texture mapping and alpha mapping are then used
to make the strip look more like strands of hair. A complete
hairstyle can be created by specifying a few control curves
or hair strands. The control points of these hair strands are
then connected horizontally and vertically to create a strip.
Though this method can be used for fast hairstyle generation
and simulation, the types of hairstyles that can be modeled are
limited due to the flat representation of the strip (see Figure
2, left).

In order to alleviate this flat appearance of hair, Liang and
Huang [17] use three polygon meshes to warp a 2D strip into a
U-shape, which gives more volume to the hair. In this method,
each vertex of the 2D strip is projected onto the scalp and the
vertex is then connected to its projection.

Fig. 2. Modeling hair using NURBS surfaces [16] (left). The Thin Shell
Volume [19] (right)

Extra geometric detail can also be extracted from a surface
representation. Kim and Neumann [19] developed a model
called the Thin Shell Volume, or TSV, that creates a hairstyle
starting from a parameterized surface. Thickness is added to
the hair by offsetting the surface along its normal direction.
Individual hair strands are then distributed inside the TSV (see
Figure 2, right). Extra clumps of hair can be generated off a
NURBS surface using the method of Noble and Tang [18].
Starting from a NURBS volume that has been shaped to a
desired hairstyle, key hair curves are then generated along the
isocurves of the NURBS volume. The profile curves that are
extruded from the key hair curves create extra clumps, which
can then be animated independently from the original NURBS
surface. This approach will add more flexibility to the types of
hair shapes and motions that can be captured using the surface



approach.

b) Wisps and Generalized Cylinders: Wisps and gener-
alized cylinders have been used as intuitive methods to control
the positioning and shape of multiple hair strands in groups
[14], [20], [21], [22], [13]. These methods reduce the amount
of control parameters needed to define a hairstyle. A group of
hair strands tend to rely on the positioning of one general space
curve that serves as the center of a radius function defining the
cross-section of a generalized cylinder, also referred to as a
hair cluster. The cluster hair model is created from hair strands
distributed inside of these generalized cylinders, see Figure 3.
The user can then control the shape of the hair strands by
editing the positions of the general curve or curves.

Fig. 3.

The cluster hair model [20] [21]

V-HairStudio, a tool created by Xu and Yang [21], allows
a user to produce and manipulate hair clusters to generate a
complex hairstyle. Intermediate results can be viewed quickly
by previewing only the cluster-axes to show basic positioning
of the hair. Futhermore, the clusters can be shown as surfaces
to view the spatial relationship between hair clusters and the
head model (as shown in Figure 3, left).

The clusters or wisps allow for the creation of many popular
hairstyles from braids and twists of many African hairstyles
[22] to constrained shapes such as ponytails. Some more
complex hairstyles that do not rely on strands grouped into
fixed sets of clusters are more difficult to achieve with these
methods. Moreover, while they provide intuitive control to its
users, the shaping of a hairstyle can often be tedious as the
time to create a hairstyle is typically related to the complexity
of the final style.

¢) Multi-resolution Editing: The principle of represent-
ing global hair shape with generalized cylinders can be further
extended to provide multi-resolution control in hair shape
editing [9], [23]. Complex hair geometry can be represented
with a hierarchy of generalized cylinders, allowing users to
select a desired level of control in shape modeling. Higher
level clusters provide efficient means for rapid global shape
editing, while lower level cluster manipulation allows direct
control of a detailed hair geometry — down to every hair
strand. Kim and Neumann [9] further show that their multi-
resolution method can generate complex hairstyles such as
curly clusters with a copy-and-paste tool that transfers detailed
local geometry of a cluster to other clusters (see Figure 4).

2) Physically-based Hairstyling: Some hairstyling tech-
niques are strongly linked to physically-based animation of
hair. Section Il gives a thorough explanation of dynamic hair

Fig. 4.

Multiresolution hairstyling [9]

simulation whereas this section describes techniques for creat-
ing hairstyles based on physical simulation. These approaches
rely on the specification of a few key parameters in methods
ranging from cantilever beams that control individual strands
to fluid flow methods that control the entire volume of hair.
These methods customarily reduce the amount of direct user
control over the resulting hairstyle.

a) The cantilever beam: In the field of material strengths,
a cantilever beam is defined as a straight beam embedded in a
fixed support at one end only — the other end being free. Anjyo
et al. [3] consider that it is a similar case to a human hair
strand, where the strand is anchored at the pore, and the other
end is free. Considering gravity is the main source of bending,
the method simulates the statics of a cantilever beam to get the
pose of one hair strand at rest. Combining this technique with
hair-head collision handling, hair shearing, and the application
of additional external forces, results in several different smooth
hairstyles.

b) Fluid Flow: Hadap and Magnenat-Thalmann [24]
modeled static hairstyles as streamlines of fluid flow based
on the idea that static hair shapes resemble snapshots of fluid
flow around obstacles. The user creates a hairstyle by placing
streams, vortices and sources around the hair volume. For
example, a vortex is used to create a curl in the hair at a
desired location (see Figure 5).

Fig. 5.

Modeling hair using a fluid flow [24]

Hadap and Magnenat-Thalmann later extended this work to
simulate dynamic hair, as explained in Section I11-C.1.a.
¢) Styling Vector and Motion Fields: Yu [8] observed
that both vector fields and hair possess a clear orientation
at specific points while both are also volumetric data; this
led him to the use of static 3D vector fields to model
hairstyles, see Figure 6 (left). Given a global field generated



by superimposing procedurally defined vector field primitives,
hair strands are extracted by tracing the field lines of the vector
field. A hair strand begins at a designated location on the scalp
and then grows by a certain step size along the direction of the
accumulated vector of the vector field until a desired length
is reached. Similarly particles can be used in motion fields
to shape strands [25]. A particle is given a fixed life-time
and traced through a motion field. The history of the particle
comprises the whole hair strand; changing the life-time of the
particle then changes the length of the hair.

Choe et al. [13] also use a vector field to compute global
hair position while accounting for hair elasticity. Their algo-
rithm calculates hair joint angles that best account for both
the influence of the vector field and the natural trend of the
strand for retrieving its rest position. Another important feature
of the approach is the ability for the user to define hair
constraints. A hair constraint causes a constraint vector field
to be generated over a portion of 3D space that later modifies
the original vector field proportionally to a weight parameter.
Hair deformation is computed by using the previous algorithm
applied on the modified vector field. In practice, the user can
specify three types of constraints: point constraints, trajectory
constraints and direction constraints. Hair constraints turn out
to be very useful for creating complex hairstyles involving
ponytails, bunches or braids, as illustrated in Figure 6 (right).

Fig. 6. A styling vector field [8] (left) and constraint-based
hairstyling [13] (right)

3) Generation of Hairstyles from Images: Generating a
realistic hairstyle using a modeling interface such as the ones
presented in Section I1-C.1 generally takes hours of manual
design. Physically-based approaches described in Section II-
C.2 can help generate the global shape of hair automatically,
but fine hair details have to be added using a procedural
technique (see Section I1-D.1). Recent approaches have pro-
posed an alternative way of generating hairstyles based on the
automatic reconstruction of hair from images.

a) Hair Generation From Photographs: Kong et al. were
the first who used real hair pictures to automatically create
hairstyles [26]. Their method is merely geometric and consists
of building a 3D hair volume from various viewpoints of
the subject’s hair. Hair strands are then generated inside this
volume using a heuristic that does not ensure faithfulness in
hair directionality. This approach is then best suited for simple
hairstyles.

Grabli et al. introduced an approach exploiting hair illumi-
nation in order to capture hair local orientation from images
[27]. Their system works by studying the reflectance of the

subject’s hair under various controlled lighting conditions.
Fixing the viewpoint allows them to work with perfectly
registered images. By considering a single viewpoint and
using a single filter to determine the orientation of hair
strands, the method reconstructs hair only partially. Paris et
al. extended this approach [28] to a more accurate one, by
considering various viewpoints as well as several oriented
filters; their strategy mainly consists of testing several filters
on a given 2D location and choosing the one that gives the
most reliable results for that location. This method captures
local orientations of the visible part of hair, and thus produces
visually faithful results with respect to original hairstyles (see
Figure 7). Wei et al. [29] subsequently improved the flexibility
of the method by exploiting the geometry constraints inherent
to multiple viewpoints, which proves sufficient to retrieve a
hair model with no need for controlled lighting conditions nor
a complex setup.

Fig. 7.

Hair capture from photographs [28]

b) Hair Generation From Sketches: Mao et al. [30] de-
veloped a sketch-based system dedicated to modeling cartoon
hairstyles. Given a 3D head model, the user interactively
draws the boundary region on the scalp where hair should be
placed. The user then draws a silhouette of the target hairstyle
around the front view of the head. The system generates a
silhouette surface representing the boundary of the hairstyle.
Curves representing clusters of hair are generated between
the silhouette surface and the scalp. These curves become the
spine for polygon strips that represent large portions of hair,
similar to the strips used by [16], [17].

This sketch-based system quickly creates a cartoon hairstyle
with minimal input from its user. The strips, or cluster poly-
gons, used to represent the hair, however, are not appropriate
for modeling more intricate hairstyles such as those observable
in the real world.

4) Evaluation: Each of the global hair shaping methods
described in this section is appropriate for styling hair under
different circumstances. Table | shows a comparison of several
global shaping methods in hair shape flexibility, user control,
and time for manual setup or input. The larger the range of
hair shapes that can be modeled by an algorithm, the broader
its applicability in practice is. The level of user control is
important in order to facilitate placing exact details where
desired in the hair. Moreover, while some styling methods can
capture a hair shape quickly through automatic processing,
others require time-consuming manual setup or input by its
user.



As Table | indicates, geometry-based hairstyling techniques,
such as through generalized cylinders or parametric surfaces,
customarily give the user a large degree of control over the
hair; however, the manual positioning of hair can be a tedious,
time-consuming task due to the large intricate volume of
hair. The time for a user to create a hairstyle using the
multiresolution generalized cylinder approach presented by
Kim and Neumman [9] ranged between several minutes to
several hours depending on the complexity of the hair shape.
While parametric surfaces typically provide fast methods for
hairstyle creation, the results tend to be limited to flat, straight
hairstyles due to the 2D surface representation. Alternatively,
wisp or generalized cylinders can model many straight or curly
hairstyle shapes.

Controlling the volume of the hair through physically-based
techniques, such as through fluid flow or vector fields, typically
requires less tedious input by the user; however, finer details of
many complex hairstyles are often difficult to capture through
such interaction. Many of the parameters can be non-intuitive
to hairstyling and the user typically has less specific control
over the hairstyle creation in comparison to the geometry-
based approaches.

The generation of hairstyles from images has been shown
to be a highly automatic process even with a relatively simple
setup by Wei et al. [29]. The final hairstyles created from
images can be quite impressive, but these methods are limited
in that they result from hairstyles that have to exist in the real
world, making the range of styles modeled generally less flex-
ible than geometric or physically-based methods. Hairstyles
generated from sketches can allow for more creativity in
the resulting hair shapes, though specific finer details, such
as with braided hair, can be impossible to achieve without
cumbersome user involvement.

[ [ Hair Shapes [ User Control | Manual Time |
Gen. Cylinders fexible high slow
Surfaces limited to straight high fast
Physical Volumes limited, details hard cumbersome medium
Photos limited, must exist none fast
Sketches limited, details hard medium fast

TABLE |
ANALYSISOF GLOBAL SHAPING METHODS Evaluation of
geometry-based generalized cylinders and surfaces,
physically-based volumes and image-based using photographs and
sketches in the areas of user control, flexibility of resulting hair
shapes, and the time of manual input or setup.

There are some recent techniques that build on the strengths
of the different methods. For example, the work by Choe et
al. [13] model hair in the form of wisps where the user edits
the prototype strand that controls the wisp shape, but vector
fields and hair constraints are also utilized to achieve intricate
hair shapes such as braids, buns, and ponytails. While exact
timings for manual input is not provided, the amount of user
input is still considered high and the most time-consuming
aspect of the whole virtual hairstyling process.

D. Managing Finer Hair Properties

After hair has been given a global shape, it is often desirable
to alter some of the finer, more localized properties of the
hair to either create a more realistic appearance (e.g. curls
or volume) or to capture additional features of hair such as
the effects of water or styling products. In practice, most of
these techniques to control finer details have been used in
conjunction with geometric or physically-based approaches for
defining a global hair shape (Sections I1-C.1 and 11-C.2).

1) Details of Curls and Waves: Local details such as curls,
waves or noise might need to be added to achieve a natural
appearance for hair once a global shape has been defined. Yu
[8] generates different kinds of hair curliness by using a class
of trigonometric offset functions. Various hairstyles can thus
be created by controlling different geometric parameters such
as the magnitude, the frequency or the phase of the offset
function. In order to prevent hair from looking too uniform,
offset parameters are combined with random terms that vary
from one hair cluster to another (see Figure 8, left). Similarly,
a more natural look can be generated for hair shaped through
fluid flow by incorporating a breakaway behavior to individual
hair strands that allow the strand to breakaway from the fluid
flow based on a probability function [24].

Fig. 8. Waves and curls procedurally generated by Yu [8] (left) and Choe et
al. [13] (right)

Choe et al. [13] model a hairstyle with several wisps, and
the global shape of each wisp is determined by the shape
of a master strand. Within a wisp, the degree of similarity
among the strands is controlled by a length distribution, a
deviation radius function and a fuzziness value. The geometry
of the master strand is decomposed into an outline com-
ponent and a details component. The details component is
built from a prototype strand using a Markov chain process
where the degree of similarity between the master strand
and the prototype strand can be controlled through a Gibbs
distribution. Resulting hairstyles are thus globally consistent
while containing fine variations that greatly contribute to their
realism, as shown by Figure 8 (right).

These methods for localized shape variation help to alleviate
the synthetic look of the virtual hair, however since most of
them incorporate some form of random generation the user has
less control over the finer details. This semi-automatic process
helps accelerate the creation of hairstyles as these minute
details could take many man-hours if performed manually.
On the other hand, the random generation can also cause
unwanted artifacts if strands are perturbed in a way that
causes unnatural collisions. Moreover, these methods do not



account for the physical hair properties for computing the
hair geometry, although it is well-known that such features,
described in Section II-A, have a great influence on the hair
shape [4], [5].

In order to automatically generate the fine geometry, includ-
ing waves or curls, of natural hair, Bertails et al. [6] recently
introduced a new hairstyling method using a mechanically
accurate model for static elastic rods (the Kirchhoff model).
The method, based upon a potential energy minimization,
accounts for the natural curliness of hair, as well as for hair
ellipticity (see Figure 9). Though not appropriate for direct
user control, this method is promising for a more accurate
hairstyle generation process and can be useful for cosmetics
prototyping, for example.

Fig. 9. Areal ringlet (left), and a synthetic one (right) automatically generated
by the physically-based method of Bertails et al. [6]

2) Producing Hair Volume: Whereas most geometric-based
hairstyling methods implicitly give volume to hair by using
volumetric primitives (see Section I1-C.1), physically-based
methods often account for hair self-collisions in order to
produce volumetric hairstyles. Approaches that view hair as
a continuous medium [25], [24], [8], [13] add volume to the
hair through the use of continuum properties that reproduce the
effects of collisions between hair strands, such as via vector
fields or fluid dynamics. As strands of hair become closer,
these techniques either prevent them from intersecting due to
the layout of the vector or motion fields, or foster a repulsive
motion to move them apart from each other, causing the hair
to appear thicker.

Since detecting collisions between strands of hair can be
difficult and, in the least, very time consuming, Lee and
Ko [31] developed a technique that adds volume to a hairstyle
without locating specific intersections among strands. The idea
is that hair strands with pores at higher latitudes on the head
cover strands with lower pores. Multiple head hull layers are
created of different sizes from the original head geometry.
A hair strand is checked against a specific hull based on
the location of its pore. A hair-head collision detection and
response algorithm is then used. This method only works in
the case of a quasi-static head that remains vertically oriented.

3) Modeling Styling Products and Water Effects: Styling
products, such as hairspray, mousse, and gel, have significant
effects on the hair appearance, including hairstyle recovery
after the hair has moved, stiffened overall hair motion, large
grouping of hair strands due to the adhesiveness of fixative
products, and the change in the hair volume.

Lee and Ko [31] developed a method to model the effects
of hair gel on a hairstyle. A styling force is used to enable
hairstyle recovery as the hair moves due to external force or
head movement. As a result, an initial hairstyle can be restored
after motion. When gel is applied to the hair, the desire is
to retain the deformed hairstyle rather than returning to the
initial style. This algorithm preserves the deformed shape by
updating the styling force during the simulation. Alternatively,
breakable static links or dynamic bonds can be used to capture
hairstyle recovery by applying extra spring forces between
nearby sections of hair to mimic the extra clumping of hair
created by styling products [32], [33].

Styling products also increase the stiffness of hair motion
allowing a curled section of hair with styling products applied
to retain a tight curl as the hair moves. Through the use of a
dual-skeleton model for simulating hair, separate spring forces
can be used to control the bending of hair strands versus the
stretching of curls [33]. Styling products can then alter the
spring stiffness’ independently to create desired results.

Fig. 10. Comparison of hair (a) dry and (b) wet [33].

Water will also drastically change the appearance, shape
and motion of hair. As water is absorbed into hair the mass
of the hair increases up to 45%, while its elasticity modulus
decreases by a factor of 10 — leading to a more deformable
and less elastic material [34]. Moreover, as hair gets wet, the
volume of the hair decreases because strands of hair in close
proximity with each other adhere due to the bonding nature of
water. In their static physically-based model, Bertails et al. [6]
easily incorporated the effect of water on hair by simply mod-
ifying the relevant physical parameters that actually change
when hair gets wet: the mass and the Young’s modulus of each
fiber. Ward et al. [33] modeled dynamic wet hair with their
dual-skeleton system by automatically adjusting the mass of
the hair along the skeletons as water is added to the hair. The
increased mass resulted in limited overall motion of the hair
and elongation of curls. A flexible geometric structure allows
the volume of the hair to change dynamically by altering the
radius of the strand groups that are used in simulation (see
Figure 10).

An interactive virtual hairstyling system introduced by Ward
et al. [7] illustrates how water and styling products can be used
to interactively alter the look and behavior of hair dynamically
through a 3D interface that allows users to perform common
hair salon applications (such as wetting, cutting, blow-drying)
for the purpose of intuitively creating a final hairstyle.



I1l. HAIR SIMULATION

Animating hair is one of the most challenging problems
when synthesizing the motion of virtual humans. Indeed, hu-
man hair is a complex material, consisting of many thousands
of very thin strands interacting with each other and with the
body of the avatar. It is very difficult to provide a realistic
model for dynamic hair because each individual hair strand
has a complex mechanical behavior and very little knowledge
is available regarding the nature of mutual hair interactions.
Secondly, animation of a full head of hair raises obvious
problems in terms of computational costs. As a consequence,
existing hair animation methods propose a tradeoff between
realism and efficiency, depending on the intended application.

Before analyzing existing methods on hair animation, we
briefly describe in Section I11-A some real mechanical features
of hair. This knowledge will be useful to evaluate the quality
of various existing synthetic hair models.

Numerous methods giving the dynamics of one individual
hair strand have been borrowed from existing 1D mechanical
models with several levels of simplification. These models,
presented and commented on in Section I11-B, have subse-
quently been used for animating both individual hair strands
and groups of hair.

While there can be over 100,000 strands of hair on a human
head, it was observed that most hair strands tend to move in
a similar way as their neighbors. This observation led to a
number of approaches extending the single-strand method to
simulate the collective behavior of hair. These methods, which
range from continuum to hair wisp models, will be presented
in Section I11-C.

Finally, Section I11-D presents most recent works that have
used multi-resolution techniques in order to gain some effi-
ciency and to achieve interactive hair simulations.

A. The Mechanics of Hair

A hair strand is an anisotropic deformable object: it can
easily bend and sometimes twist but it strongly resists shearing
and stretching. A hair strand has also elastic properties in the
sense that it tends to recover its original shape after the stress
being applied to it has been removed. These properties will
be evaluated on each of the existing models that simulate an
individual hair strand (see Figure Il in Section I11-B).

A human head is composed of about 100,000 hair strands
interacting with each other and with the body. The nature
of interactions between hair strands is very complex. This is
mainly due to the surface of individual hair strands, which is
not smooth but composed of tilted scales (see Figure 11).

This irregular surface causes anisotropic friction inside hair,
with an amplitude that strongly depends on the orientation
of the scales and of the direction of motion [35]. Moreover,
hair is very triboelectric, meaning it can easily release static
charges by mere friction. This phenomenon has been measured
in the case of combed hair, but it seems that no study has been
published regarding this effect in the case of hair-hair friction.

In addition, as previously mentioned, a hair strand can be
naturally smooth or jagged, wavy or curly. The geometric hair
shape, which is correlated to some structural and physical

Fig. 11. An electron micrograph of a hair fiber that shows the structure of
the outer cuticle surface, which is composed of thin overlapping scales [4].
In this image, the fiber is oriented with the root at the top and the tip at the
bottom.

features of the hair (see Section II-A) affects the motion of
hair. For example, a curly moving hair will look more “elastic”
than a straight hair, because hair curls can longitudinally
stretch during motion, like springs—although hair strands still
remain inextensible. In addition, hair clumps are more likely to
appear in curly hair, where contacts exist among hair strands,
and thus the probability for them to get into tangles is greater.
In fact, as it can be observed in the real world, the more a
hair has an intricate geometry, the less degrees of freedom
it has during motion. The feature curliness will be evaluated
on existing approaches in Sections I11-B and 11I-C. To our
knowledge, there are no quantitative nor qualitative results
published on hair grouping from the mechanics literature.

Hair is thus a very complex mechanical material. Unlike
some well-known physical materials such as fluids—which
have been studied for centuries and modeled by accurate
equations—hair remains an unsolved problem for which there
is currently no standard physically-based model. Hence, one
of the challenges lies in finding an appropriate representation
of hair for dynamic simulation.

B. Dynamics of Individual Hair Strands

Three families of computational models have been proposed
for simulating the dynamics of one individual hair strand:
mass-spring systems, projective dynamics, and rigid multi-
body serial chains. Each one of these models is described and
evaluated in terms of realism and ability to be included inside
a full hair.

1) Mass-Spring Systems: One of the first attempts to an-
imate individual hair strands was presented by Rosenblum
et al. [2] in 1991. A single hair strand is modeled as a set
of particles connected with stiff springs and hinges. Each
particle has three degrees of freedom, namely one translation
and two angular rotations. Hair bending rigidity is ensured by
angular springs at each joint. This method is simple and easy
to implement. However, torsional rigidity and non-stretching
of the strand are not accounted for. Limiting the stretching of
the strand requires the use of strong spring forces, which leads
to stiff equations that often cause numerical instability, unless
very small time steps are used.

Many advances in mass-spring formulation were recently
made, especially in the context of cloth simulation. Baraff



and Witkin [36] showed that implicit integration methods
prove very useful for the simulation of a stiff system as they
ensure that the system will remain stable even with large
time steps. Implicit integration was later used in the case of
hair simulation [37], [38]. Other approaches [12], [39] used
a constrained mass-spring model, well-suited for animating
extensible wisps such as wavy or curly wisps.

2) One Dimensional Projective Equations: In 1992, Anjyo
et al. proposed a simple method based on one-dimensional
projective differential equations for simulating the dynamics
of individual hair strands. Initially, the statics of a cantilever
beam is simulated to get an initial plausible configuration of
each hair strand. Then, each hair strand is considered as a
chain of rigid sticks s;. Hair motion is simulated as follows:

o Each stick s; is assimilated as a direction, and thus can
be parameterized by its polar angles ¢ (azimuth) and
0 (zenith) (see Figure 12).

« The external force F applied to the stick is projected onto
both planes Py and Py, respectively, defined by ¢ and 6
(the longitudinal projection of F on s; is neglected since
it should have no effect on the rigid stick).

o Fundamental principles of dynamics are applied to each
parameter ¢ and 6 which leads to two differential equa-
tions that are solved at each time step. Positions of the
sticks representing each hair strand are always processed
from the pore to the tip, where the root stick position
is first processed and following sticks are recursively
defined.

yaxis node p;
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Fig. 12. Left: the polar coordinate system for a hair segment. Right: simu-
lating individual hair strands using one dimensional projective equations for
dynamics [3].

This method is attractive for many reasons. It is easy to
implement, efficient (tens of thousands of hair strands can
efficiently be simulated this way). Moreover, hair is pre-
vented from stretching while hair bending is properly recov-
ered.However, as torsional hair stiffness cannot be accounted
for, this method cannot properly handle fully 3D hair motions.
Furthermore, as mation is processed from top to bottom, it
is difficult to handle external punctual forces properly. Issues
related to the handling of external forces are discussed in
Section 111-B.4.

3) Rigid multi-body serial chain: In order to compute the
motion of individual hair strands, forward kinematics have
been used as a more general alternative to one-dimensional
projective equations [40], [32]. Such techniques are well-
known in the field of robotics, and efficient multi-body dy-
namics algorithms have been proposed for decades [41].

Each hair strand can be represented as a serial, rigid, multi-
body open chain using the reduced or spatial coordinates
formulation [41], in order to keep only the bending and
twisting degrees of freedom of the chain: stretching DOFs
are removed (see Figure 13). Apart from the gravitational
influence, forces accounting for the bending and the torsional
rigidity of the hair strand are applied on each link. Forward
dynamics are processed using the Articulated-Body Method
described in [41], with a linear time complexity. Hadap and
Magnenat-Thalmann [40] and Chang et al. [32] used this
technique to animate several sparse individual hair strands
within an elaborate, global continuous model for hair (see
Section I11-C.1). Although the authors mention they can use a
non-zero rest configuration for the strand in order to simulate
wavy or curly hair strands, none of these methods actually
show any results for simulating curly strands. The possible
issues related to curly hair simulation are not explained.
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Hair strand as a rigid multi-body serial chain [40].
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4) Handling external forces: A good dynamic model for
one individual hair strand is expected to yield a realistic
motion of one isolated hair strand, but it should also be able
to properly handle any external force, such as gravity, wind,
contacts or collisions. Depending on the method chosen for
the dynamics of one strand, accounting for such forces can be
tricky—especially when the forces are punctual (interactions
with other objects).

In methods simulating chains of rigid links (Section 111-B.2),
motion is processed from top to bottom in one single pass.
This means that a collision detected at stick s; only affects
the following sticks s;, where j > k without propagating the
effect backward to the sticks located near the roots, which can
lead to unrealistic shapes for hair. Refining Anjyos’s method,
Lee and Ko [31] simply fix the problem by adding an extra
force that enables hair to get a proper shape when colliding
with an object other than the head.

In the case of serial rigid multi-body chains, external forces
can properly be accounted for when using a multi-pass forward
dynamics algorithm. However, because of the high bending
and torsional stiffness that are required to maintain the curved
shape at rest, the simulation may lack stability if external
forces are integrated within an explicit integration scheme.
The major drawback of the articulated bodies model is that,
unlike the mass-springs model, it is difficult to formulate



the conventional dynamics—based on reduced coordinates—
using an implicit integration scheme [42]. As proposed by
Baraff [43], a solution may be the use of Lagrange multipliers
instead of a reduced-coordinates formulation of the problem, in
order to integrate hard constraints implicitly. Probably because
of its non triviality, this method has never been implemented
in the case of hair dynamics.

5) Evaluation: The following table indicates, for each hair
dynamic model given above, which are the required properties
that it ensures.

Mass- Projective | Rigid multi-body
springs | dynamics serial chain
Bending yes yes yes
Torsion no no yes
Non-stretching no yes yes
Curliness no no no
External forces easy tricky tricky
TABLE 1l

ANALYSISOF DYNAMIC MODELS FOR INDIVIDUAL HAIR STRANDS
Evaluation of each hair dynamics model, according to the following
criteria: bending rigidity, torsional rigidity, non-stretching,
curliness handling, and easiness to handle external forces properly.

According to Table I, we can notice that rigid multi-body
serial chain models support more realistic features than any
other model. But as mentioned above, this model can hardly
be imposed with some external constraints—such as contacts
or collisions with an external object—in a stable way. To take
advantages of both mass-springs models and rigid multi-body
serial chains, Choe et al. [38] recently proposed a hybrid
model, made of rigid links separated by soft spring joints. This
model allows for an implicit (and thus stable) integration of the
dynamics, including the constraints between the hair and the
body. But as mass-springs, it does not fully avoid stretching of
the hair strand. Last but not least, note that all existing models
for the dynamics of one hair strand are straight models, and
none are able to account for natural hair curliness.

C. Simulating the Dynamics of a Full Hairstyle

Handling a collection of hair strands leads to additional
challenges in the field of computer graphics: the realism of
the collective dynamic behavior and the efficiency of the
simulation.

As mentioned in Section IlI-A, hair interactions are very
complex, and little knowledge—including physical experiment
reports, measurements and possible models—is known about
the actual phenomena of interactions, and their order of
magnitude. In addition, the enormous number of contacts and
collisions that occur permanently or temporarily inside hair
raises obvious problems in terms of computational treatment.
Consequently, two challenging issues have to be handled when
computing hair contacts and collisions: detection and response.

Early hair animation methods [2], [3] generally simulated
a set of individual hair strands while neglecting hair-hair
interactions for the sake of efficiency and simplicity. Thus,
they failed in capturing the actual complexity of hair during
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motion, and hair just looked very smooth and lacked volume.
Neither did they account for the dissipation of energy due to
friction between hair strands.

More recent approaches for animating hair make assump-
tions on hair consistency during motion to simplify the prob-
lem of collisions. Hair is essentially either globally considered
as a continuous medium (Section 111-C.1), or as a set of disjoint
groups of hair strands (Section 111-C.2.b). Specific hair-hair
interaction models are proposed in both cases.

1) Hair as a Continuous Medium: Due to the high number
of strands composing a human head of hair, simulating each
strand individually is computationally overwhelming. Further-
more, strands of hair in close proximity with each other tend
to move similarly. This observation led researchers to view
hair as an anisotropic continuous medium.

a) Animating Hair using Fluid Dynamics: Considering
hair as a continuum led Hadap and Magnenat-Thalmann [40]
to model the complex interactions of hair using fluid dynamics.
The interactions of single hair strands are dealt with in a global
manner through the continuum.

Individual strand dynamics is computed to capture geom-
etry and stiffness of each hair strand (see Section 111-B.3).
Interaction dynamics, including hair-hair, hair-body, and hair-
air interactions, are modeled using fluid dynamics. Individual
hair strands are kinematically linked to fluid particles in their
vicinity. In this model, the density of the hair medium is
defined as the mass of hair per unit occupied volume and
the pressure and viscosity represent all of the forces due to
interactions of hair strands. As hair strands are compressed
together, the pressure increases resulting in the strands being
moved apart.

Fig. 14. Simulation of hair blowing in the wind using fluid flow [40].

Using this setup, it is possible to model hair-body interac-
tions by creating boundary fluid particles around solid objects
(see Figure 14 which shows hair blowing in the wind). A
fluid particle, or Smooth Particle Hydrodynamics (SPH), then
exerts a force on the neighboring fluid particles based on its
normal direction. The viscous pressure of the fluid, which
is dependent on the hair density, accounts for the frictional
interactions between hair strands.

Utilizing fluid dynamics to model hair captures the complex
interactions of hair strands. However, since this method makes
the assumption of a continuum for hair, it does not capture
dynamic clustering effects that can be observed in long, thick
real hair. Moreover, computations required for this method are



quite expensive; using parallelization, it took several minutes
per frame to simulate a hair model composed of 10,000
individual hair strands.

b) Loosely Connected Particles: Bando et al. [10] have
modeled hair using a set of SPH particles that interact in an
adaptive way. Each particle represents a certain amount of
hair material which has a local orientation (the orientation
of a particle being the mean orientation of every hair strand
covered by the particle), refer to Figure 15.

Fig. 15.

(left) Particles defining hair, line segments indicate direction (right)
Animation of hair with head shaking [10].

Initially, connected chains are settled between neighboring
particles being aligned with local hair orientation: two neigh-
boring particles having similar directions and being aligned
with this direction are linked. This initial configuration is kept
during the motion because it represents the spatial consistency
of interactions between particles. During motion, each particle
can interact with other particles belonging to its current neigh-
borhood. The method proposes to handle these interactions by
settling breakable links between close particles; as soon as the
two particles are not close enough, these links vanish. Thus,
this method facilitates transversal separation and grouping
while maintaining a constant length for hair. At each time step,
searching the neighborhood of each particle is done efficiently
by using a grid of voxels.

c) Interpolation between Guide Hair Strands: Chang et
al. [32] created a system to capture the complex interactions
that occur among hair strands. In this work, a sparse hair model
of guide strands, which were first introduced in [44], [45], is
simulated. A dense hair model is created by interpolating the
position of the remaining strands from the sparse set of guide
strands. Using multiple guide hair strands for the interpolation
of a strand alleviates local clustering of strands.

Fig. 16. Triangle strips used for collision detection setup for (a) brush (b)
head of hair [32].

The sparse set of guide strands is also used to detect
and handle mutual hair interactions. Since detecting collisions
only among the guide strands is inefficient, an auxiliary
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triangle strip is built between two guide strands by connecting
corresponding vertices of the guide strands (see Figure 17).
A collision among hair strands is detected by checking for
intersections between two hair segments and between a hair
vertex and a triangular face. Dampened spring forces are then
used to push a pair of elements away from each other when
a collision occurs. Figure 17 shows the sparse and dense hair
models, respectively.

Fig. 17. (left) Sparse hair model with static links and (right) Rendered image
of interpolated dense hair model [32].

The use of guide strands can lead to missed collisions when
the interpolated strands collide with an object with which the
guide strands do not.

d) Free Form Deformation: To achieve hair simulation of
complex hairstyles in real-time, Volino et al. [46] proposed to
use a global volumetric free form deformation (FFD) scheme
instead of considering an accurate mechanical model related to
the structure of individual hair strands. A mechanical model
is defined for a lattice surrounding the head. The lattice is
then deformed as a particle system and hair strands follow the
deformation by interpolation. Collisions between the hair and
the body are handled by approximating the body as a set of
metaballs.

This method is well-suited for animating various complex
hairstyles, when the head motion has a low magnitude. For
high deformations, hair discontinuities observed in real hair
(e.g., see Figure 20) would not be reproduced because only
continuous deformations of hair are considered through the
lattice deformation.

2) Hair as Disjoint Groups: In order to reduce the com-
plexity of hair, an alternative approach consists of grouping
nearby hair strands and simulating these disjoint groups as
independent, interacting entities. This representation of hair
was especially used to save computation time in comparison
with the simulation of individual strands, and even reach
interactive frame rates. It also captures realistic features of
hair as it accounts for local discontinuities observed inside
long hair during fast motion; these local discontinuities cannot
be captured using the continuum paradigm.

a) Real-time Simulation of Hair Strips: As discussed in
Section 11-C.1.a, the complexity of hair simulation has been
simplified by modeling groups of strands using a thin flat
patch, referred to as a strip (see Figure 18) [16], [19], [47],
[48], [17], [49], [50]. A simple dynamics model for simulating
strips is presented in [47] that is adapted from the projective
angular dynamics method introduced by Anjyo et al. [3] (see



Section 111-B.2); dynamics is applied to the control point mesh
of the NURBS surface.

Fig. 18.

Hair strips as an approximate hair model [16].

Using strips to model hair results in significantly faster
simulation because fewer control points are required to model
a strip in comparison to modeling individual strands. In [47],
collision avoidance between hair strips and external objects,
such as the head or the body, is achieved by using ellipsoids to
approximate the boundaries of these objects. When a control
point of the strip is inside the ellipsoid a reaction constraint
method is used to move it back to the boundary. Furthermore,
collisions between hair strips are avoided by introducing
springs within the strips and between neighboring strips. The
springs are used to prevent neighboring strips from moving too
far apart or too close together. Moreover, springs are also used
to prevent a strip from overstretching or over-compressing.
The result is that the hairstyle remains relatively consistent
throughout the simulation. Similarly, Guang and Zhiyong [48]
presents a strip-based hair structure for modeling short hair
where the strips of texture-mapped hair are simulated using a
mass-spring model and 3D morphing.

By using a single strip to represent tens or hundreds of hair
strands, hair simulation, including hair-hair collision avoid-
ance, can be achieved in real-time. This process, however,
is limited in the types of hairstyles and hair motions it
can represent; the flat shape of the strips is most suited to
simulating simple, straight hair.

b) Simulation of Wisps: One of the first methods to take
advantage of grouping hair was presented by Watanabe and
Suenaga in [51]. They animate a set of trigonal prism-based
wisps. During motion, the shape of a wisp is approximated
by parabolic trajectories of fictive particles initially located
near the root of each wisp. At each time step, the trajectories
of the particles are estimated using initial velocities and
accelerations, such as gravitational acceleration. This method
amounts to simulating only approximate kinematics without
considering the inertia of the system, which appears to be
limited to slow hair motion. Moreover, interactions between
different wisps are not taken into account.

A similar process of grouping neighboring strands together
into wisps was used by [45], [44]. In these works, a wisp
of strands is modeled by simulating the motion of a single
typical strand and then generating other strands by adding
random displacements to the origin of the typical strand.
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The number of overall strands that need to be simulated is
reduced significantly. Again, in this work, interactions among
strands, or between wisps, is not considered.

To account for complex interactions being observed in
real hair during fast motion, Plante et al. [12], [52] have
represented hair using a fixed set of deformable, volumetric
wisps. Each wisp is structured into three hierarchical layers: a
skeleton curve that defines its large-scale motion and deforma-
tion, a deformable volumetric envelope that coats the skeleton
and accounts for the deformation of the wisp sections around
it, and a given number of hair strands that are distributed inside
the wisp envelope and used only at the rendering stage of the
process (see

Figure 19).

Virtual envelope

( of the wisp
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) Fixed segment with Portion of
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Fig. 19. Elements defining a deformable volumetric wisp [12].

As the skeleton approximates the average curve of a wisp,
it is likely to stretch or compress a bit while the wisp is not
completely straight. The mass-spring simulation can thus be
well-suited for simulating wavy or curly wisps.

Assuming that the local discontinuities inside hair are
caused by collisions between wisps of different orientations,
this method provides a model of anisotropic interactions
between wisps. Wisps of similar orientations are allowed to
penetrate each other, and are submitted to viscous friction,
whereas wisps of different orientations actually collide in a
very dissipative way.

Fig. 20. The layered wisp model [12] (bottom) captures both continuities
and discontinuities observed in real long hair motion (top).

As illustrated in Figure 20, the approach has led to con-
vincing results for fast motions, capturing the discontinuities



that can be observed in long, thick hair. Nevertheless, very ex-
pensive computations were required for the examples shown,
which was mainly due to the high cost for detecting collisions
between the deformable wisps. Moreover, the high number of
contacts that needed to be computed between each wisp at rest
caused some visible artefacts in the rest state.

Choe et al. [38] have recently improved the stability of this
kind of approaches. Collisions between the wisps and the body
are robustly handled by using constrained dynamics. More-
over, to avoid undesired oscillations when computing wisp-
wisp interactions, they propose an empiric law for controlling
the amplitude of penalty forces. A cohesive force is also used
to preserve the initial hairstyle during the simulation.

D. Multi-resolution Methods

Recently, researchers have begun to explore adaptive
representations for hair. These methods can be used to
alleviate unnatural clumping of hair strands that can be
common in other approaches or to accelerate simulation
while preserving realistic features in hair motion.

1) Level-of-Detail Representations: To better capture natu-
ral clustering of hair, a multi-resolution hair modeling scheme
may be used to accelerate both the simulation and rendering of
hair while maintaining a high visual quality. Ward et al. [53],
[37] use three different levels of detail (LODs) for modeling
hair — individual strands, clusters and strips represented by
subdivision curves, subdivision swept volumes, and subdivi-
sion patches, respectively (see Figure 21, left). By creating a
hair hierarchy composed of these three discrete LODs along
with an efficient collision detection method that uses the family
of swept sphere volumes (SSVs) [54] as bounding volumes to
encapsulate the hair, this method was able to accelerate hair
simulation up to two orders of magnitude.

During simulation, the hair hierarchy is traversed to choose
the appropriate representation and resolution of a given section
of hair. The transitions between the LODs occur automatically
using a higher resolution simulation for the sections of hair
that are most significant to the application based on the hair’s
visibility, viewing distance, and motion, relative to the viewer.
If an object in the scene occludes a section of hair or if the hair
is outside of the field-of-view of the camera then the section is
simulated at the coarsest LOD (a strip) and is not rendered. If
the hair can be viewed, the distance of the viewer from the hair
and its motion determine its current resolution. As the distance
from the hair to the viewer decreases, or as the hair moves
more drastically, there is more observable detail and a need
for a more detailed simulation within the hair, thus the hair is
simulated and rendered at higher resolutions. Figure 21 shows
LOD representations (left) used for simulating hair blowing in
the wind (right).

2) Adaptive Clustering: In order to continuously adjust the
amount of computations according to the local complexity
of motion, techinques for adaptive clustering and subdivision
of simulated hair have been proposed recently [39], [37].
Bertails et al. [39] introduced an adaptive animation control
structure, called Adaptive Wisp Tree (AWT), that enables the
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Fig. 21.

Left: Level-of-detail representations for hair (a) strip (b) cluster (c)
strand. Right : Curly, long hair blowing in the wind using LOD representa-
tions [53].

dynamic splitting and merging of hair clusters. The AWT
depends on a complete hierachical structure for the hair, which
can either be precomputed—for instance using a hierarchical
hairstyle [9]-or computed on the fly. The AWT represents at
each time step the wisps segments of the hierarchy that are
actually simulated (called active segments). Considering that
hair should always be more refined near the tips than near
the roots, the AWT dynamically splits or merges hair wisps
while always preserving a tree-like structure, in which the root
coincides with the hair roots and the leaves stand for the hair
tips.

At each time step, different wisps segments of the global
hierarchy, that is, different LOD, can thus be active, while
only the finest levels of details are used at the rendering stage.
The splitting process locally refines the hair structure when a
given wisp segment is not sufficient for capturing the local
motion and deformation. The merging process simplifies the
AWT when the motion becomes coherent again. Splitting and
merging criteria are linked to the local motion of hair (for
example, the magnitude of velocity of the wisps segments) at
each time step.

One of the key benefits of the AWT is that it implicitly
models mutual hair interactions so that neighboring wisps
with similar motions merge, mimicking the static friction in
real hair. This avoids subsequent collision processing between
these wisps, thus increasing efficiency as well as gaining
stability from the reduced number of primitives. In addition,
the splitting behavior models wisps deformation without the
need of the complex deformable wisp geometry used in [12].
For collision processing, active wisp segments of the AWT
are thus represented by cylinders, which greatly simplifies
collision detection tests.

Fig. 22.
version (right) [39].

Hlustration of the AWT on long hair (left) and its final rendered



Ward and Lin [37] proposed a similar, but a more top-
down approach, for animating hair. Their continuous multi-
resolution structure, called hair hiearchy [37], is coupled with
the level-of-detail representations [53], instead of wisps [12].

1V. HAIR RENDERING

Realistic rendering of human hair requires the handling of
both local and global hair properties. To render a full hairstyle,
it is necessary to choose an appropriate global representation
for hair. Implicit and explicit representations are presented
and discussed in Section IV-A. Local hair properties define
the way individual hair fibers are illuminated. Section IV-
B describes the scattering properties of hair and reviews
the different models that have been proposed to account for
those properties. Global hair properties also include the way
hair fibers cast shadows on each other; this issue of self-
shadowing, handled in Section IV-C, plays a crucial role in
volumetric hair appearance. Rendering hair typically requires
time-consuming computations, Section 1V-D reviews various
rendering acceleration techniques.

A. Representing Hair for Rendering

Choices of hair rendering algorithms largely depend on
the underlying representations for modeling hair geometry.
For example, explicit models require line or triangle-based
renderers, whereas volumetric models need volume renderers,
or rendering algorithms that work on implicit geometry.

1) Explicit Representation: With an explicit representation,
one has to draw each hair fiber. A hair fiber is naturally rep-
resented with a curved cylinder. The early work by Watanabe
and Suenaga [51] adopted a trigonal prism representation,
where each hair strand is represented as connected prisms with
three sides. This method assumes that variation in color along
the hair radius can be well approximated by a single color.
Others use ribbon-like connected triangle strips to represent
hair, where each triangle always faces towards the camera.
Ivan Neulander [55] introduced a technique that adaptively
tessellates a curved hair geometry into polygons depending
on the distance to the camera, curvature of hair geometry, etc.
At large distances, a hair strand often resembles many hairs.
Kong and Nakajima [56] exploited this property to reduce the
number of rendered hairs by adaptively creating more hairs at
the boundary.

Difficulties arise with explicit rendering of tesselated hair
geometry due to the unique nature of hair — a hair strand is
extremely thin in diameter (0.1 mm). In a normal viewing
condition, the projected thickness of a hair strand is much
smaller than the size of a pixel. This property causes severe
undersampling problems for rendering algorithms for polyg-
onal geometry. Any point sample-based renderer determines
a pixel’s color (or depth) by a limited number of discrete
samples. Undersampling creates abrupt changes in color or
noisy edges around the hair. Increasing the number of samples
alleviates the problem, but only at slow convergence rates [57]
and consequently at increased rendering costs.

LeBlanc et al. [58] addressed this issue by properly blending
each hair’s color using a pixel blending buffer technique. In
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this method, each hair strand is drawn as connected lines
and the shaded color is blended into a pixel buffer. When
using alpha-blending, one should be careful with the drawing
order. Kim and Neumann [9] also use an approximate visibility
ordering method to interactively draw hairs with OpenGL’s
alpha blending.

2) Implicit Representation: Volumetric textures (or tex-
els) [59], [60] avoid the aliasing problem with pre-filtered
shading functions. The smallest primitive is a volumetric cell
that can be easily mip-mapped to be used at multiple scales.
The cost of ray traversal is relatively low for short hairs,
but can be high for long hairs. Also when hair animates,
such volumes should be updated for every frame, making pre-
filtering inefficient.

The rendering method of the cluster hair model [20] also
exploits implicit geometry. Each cluster is first approximated
by a polygonal boundary. When a ray hits the polygonal
surface, predefined density functions are used to accumulate
density. By approximating the high frequency detail with
volume density functions, the method produces antialiased
images of hair clusters. However, this method does not allow
changes in the density functions, making hairs appear as if
they always stay together.

B. Light Scattering in Hair

The first requirement for any hair rendering system is a
model for the scattering of light by individual fibers of hair.
This model plays the same role in hair rendering as a surface
reflection, or local illumination, model does in conventional
surface rendering.

1) Hair Optical Properties: The composition and micro-
scopic structure of hair are important to its appearance. A hair
fiber is composed of three structures: the cortex, which is the
core of the fiber and provides its physical strength, the cuticle,
a coating of protective scales that completely covers the cortex
several layers thick (see Figure 11 in Section IlI-A), and
the medulla, a structure of unknown function that sometimes
appears near the axis of the fiber. As already mentioned in
Section I1-A, the cross sectional shape varies from circular to
elliptical to irregular [4].

Much is known about the chemistry of hair, but for the
purposes of optics it suffices to know that it is composed of
amorphous proteins that act as a transparent medium with an
index of refraction n = 1.55 [4], [61]. The cortex and medulla
contain pigments that absorb light, often in a wavelength-
dependent way; these pigments are the cause of the color of
hair.

2) Notation and Radiometry of Fiber Reflection: Our nota-
tion for scattering geometry is summarized in Figure 23. We
refer to the plane perpendicular to the fiber as the normal
plane. The direction of illumination is w;, and the direction
in which scattered light is being computed or measured is w,;
both direction vectors point away from the center. We express
w; and w, in spherical coordinates. The inclinations with
respect to the normal plane are denoted #; and 6,. (measured
so that O degree is perpendicular to the hair). The azimuths
around the hair are denoted ¢; and ¢,., and the relative azimuth
o — @i, Which is sufficient for circular fibers, is denoted Ad.
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Fig. 23.

Notation for scattering geometry

Because fibers are usually treated as one-dimensional enti-
ties, light reflection from fibers needs to be described some-
what differently from the more familiar surface reflection.
Light scattering at a surface is conventionally described using
the bidirectional reflectance distribution function (BRDF),
fr(wi,w,). The BRDF gives the density with respect to the
projected solid angle of the scattered flux that results from a
narrow incident beam from the direction w;. It is defined as
the ratio of surface radiance (intensity per unit projected area)
exiting the surface in direction w, to surface irradiance (flux
per unit area) falling on the surface from a differential solid
angle in the direction w;:

f’l‘(wiaw’r‘) — dLT(wT)

Under this definition, the radiance due to an incoming radiance
distribution L;(w;) is

L,(w,) = fr(wiywy) Li(w;) cos 0;dw;

H2

where H? is the hemisphere of directions above the surface.

Light scattering from fibers is described similarly, but the
units for measuring the incident and reflected light are different
because the light is being reflected from a one-dimensional
curve [62]. If we replace “surface” with “curve” and “area”
with “length” in the definition above we obtain a definition
of the scattering function f, for a fiber; “the ratio of curve
radiance (intensity per unit projected length) exiting the curve
in direction w,. to curve irradiance (flux per unit length) falling
on the curve from a differential solid angle in the direction
w;.” The curve radiance due to illumination from an incoming
radiance distribution L; is

Li(w,)=D - fs(wi,wp) Li(w;) cos 0;dw;
where D is the diameter of the hair as seen from the illumi-
nation direction.

This transformation motivated Marschner et al. [62] to
introduce curve radiance and curve irradiance. Curve radiance
is in some sense halfway between the concepts of radiance and
intensity, and it describes the contribution of a thin fiber to an
image independent of its width. Curve irradiance measures the
radiant power intercepted per unit length of fiber and therefore
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increases with the fiber’s width. Thus, given two fibers with
identical properties but different widths, both will have the
same scattering function but the wider fiber will produce a
brighter curve in a rendered image because the wider fiber
intercepts more incident light. This definition is consistent with
the behavior of real fibers: very fine hairs do appear fainter
when viewed in isolation.

Most of the hair scattering literature does not discuss
radiometry, but the above definitions formalize the common
practice, except that the diameter of the hair is normally
omitted since it is just a constant factor. The factor of cos6;
is often included in the model, as was common in early
presentations of surface shading models.

3) Reflection and Refraction in Cylinders: For specular
reflection, a hair can be modeled, to a first approximation, as a
transparent (if lightly pigmented) or purely reflecting (if highly
pigmented) dielectric cylinder. The light-scattering properties
of cylinders have been extensively studied in order to inversely
determine the properties of optical fibers by examining their
scattering [63], [64], [65].

As first presented in graphics by Kajiya and Kay [59] (their
scattering model is presented in Section IV-B.5), if we consider
a bundle of parallel rays that illuminates a smooth cylinder,
each ray will reflect across the local surface normal at the
point where it strikes the surface. These surface normals are
all perpendicular to the fiber axis—they lie in the normal plane.
Because the direction of each reflected ray is symmetric to
the incident direction across the local normal, all the reflected
rays will make the same angle with the normal plane. This
means that the reflected distribution from a parallel beam due
to specular reflection from the surface lies in a cone at the
same inclination as the incident beam.

For hairs that are not darkly pigmented, the component of
light that is refracted and enters the interior of the hair is also
important. As a consequence of Bravais’s Law [66], a corrolary
of Snell’s Law that is often used to describe refractions through
crystals with a cylinder-like structure, the directions of the
rays that are refracted through the cylinder surface also fall
on a cone centered on the cylinder axis. The same holds
for the refractions as the rays exit the cylinder. Therefore all
specularly reflected light from a smooth cylinder will emit
on the same cone as the surface reflection, no matter what
sequence of refractions and internal reflections it may have
taken.

4) Measurements of Hair Scattering: In cosmetics litera-
ture, some measurements of incidence-plane scattering from
fibers have been published. Stamm et al. [61] made mea-
surements of reflection from an array of parallel fibers. They
observed several remarkable departures from the expected
reflection into the specular cone: there are two specular peaks,
one on either side of the specular direction, and there is a sharp
true specular peak that emerges at grazing angles. The authors
explained the presence of the two peaks using an incidence-
plane analysis of light reflecting from the tilted scales that
cover the fiber, with the surface reflection and the first-order
internal reflection explaining the two specular peaks.

A later paper by Bustard and Smith [67] reported additional
measurements of single fibers, including measuring the four



combinations of incident and scattered linear polarization
states. They found that one of the specular peaks was mainly
depolarized while the other preserved the polarization. This
discovery provided additional evidence for the explanation of
one lobe from the surface reflection and one from the internal
reflection.

Bustard and Smith also discussed preliminary results of
an azimuthal measurement, performed with illumination and
viewing perpendicular to the fiber. They reported finding bright
peaks in the azimuthal distribution and speculated that they
were due to caustic formation, but they did not report any
data.

Marschner et al. [62] reported measurements of single fibers
in more general geometries. In addition to incidence plane
measurements, they presented normal plane measurements that
show in detail the peaks that Bustard and Smith discussed
and how they evolve as a strand of hair is rotated around
its axis. The authors referred to these peaks as “glints” and
showed a simulation of scattering from an elliptical cylinder
that predicts the evolution of the glints; this clearly confirmed
that the glints are caused by caustic formation in internal
reflection paths. They also reported some higher-dimensional
measurements that show the evolution of the peaks with the
angle of incidence, which showed the full scattered distribution
for a particular angle of incidence.

Fig. 24.  Comparison between Kajiya’s model (left), Marschner’s model
(middle) and real hair (right).

5) Models for Hair Scattering: The earliest and most
widely used model for hair scattering is Kajiya and Kay’s
model which was developed for rendering fur [59]. This model
includes a diffuse component and a specular component:

cos? (6, + 6;)
S(917¢Z79T3¢T) _kd+ks COS(GZ')
Kajiya and Kay derived the diffuse component by integrating
reflected radiance across the width of an opaque, diffuse
cylinder. Their specular component is simply motivated by the
argument from the preceding section that the ideal specular
reflection from the surface will be confined to a cone and
therefore the reflection from a non-ideal fiber should be a lobe
concentrated near that cone. Note that neither the peak value
nor the width of the specular lobe changes with 6 or ¢.
Banks [68] later re-explained the same model based on
more minimal geometric arguments. For diffuse reflection, a
differential piece of fiber is illuminated by a beam with a cross
section proportional to cos 6; and the diffusely reflected power
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emits uniformly to all directions.! For specular reflection,
Fermat’s principle requires that the projection of the incident
and reflected rays onto the fiber be the same.

In another paper on rendering fur, Goldman [69], among a
number of other refinements to the aggregate shading model,
proposed a refinement to introduce azimuthal dependence into
the fiber scattering model. He multiplied both terms of the
model by a factor f4;,- that can be expressed in the current
notation as:

fair =14+ acos A¢.

Setting @ > 0 serves to bias the model toward backward
scattering, while setting ¢ < 0 biases the model towards
forward scattering.?

Tae-Yong Kim [70] proposed another model for azimuthal
dependence, which accounts for surface reflection and trans-
mission using two cosine lobes. The surface reflection lobe
derives from the assumption of mirror reflection with constant
reflectance (that is, ignoring the Fresnel factor), and the
transmission lobe is designed empirically to give a forward-
focused lobe. The model is built on Kajiya-Kay in the same
way Goldman’s is, defining:

g(¢):{cos¢ —5<¢<3

0 otherwise

This model is Kajiya and Kay’s model multiplied by:
Jair = ag(A¢/2) + g(k(Ap — 7))

where « is used to balance forward and backward scattering
and k is a parameter to control how focused the forward
scattering is. The first term is for backward (surface) scattering
and the second term is for forward (transmitted) scattering.

Marschner et al. [62] proposed the most complete
physically-based hair scattering model to date. Their model
makes two improvements to Kajiya and Kay’s model: it pre-
dicts the azimuthal variation in scattered light based on the ray
optics of a cylinder, and it accounts for the longitudinal sep-
aration of the highlight into surface-reflection, transmission,
and internal-reflection components that emerge at different
angles. The azimuthal component of the model is based on
a ray analysis that accounts for focusing and dispersion of
light, absorption in the interior, and Fresnel reflection at each
interaction. The longitudinal component models the shifts of
the first three orders of reflection empirically using lobes that
are displaced from the specular cone by specific angles.

6) Light Scattering on Wet Hair: The way light scatters on
hair is changed when hair becomes wet. Jensen et al. [71]
noted that when objects become wet they typically appear
darker and shinier; hair behaves the same way. Bruderlin [72]
and Ward et al. [33] altered previous light scattering models
to capture the effects of wet fur and wet hair, respectively.

As hair becomes wet, a thin film of water is formed around
the fibers, forming a smooth, mirror-like surface on the hair.

1Banks does not discuss why uniform curve radiance is the appropriate
sense in which the scattered light should be uniform.

2In Goldman’s original notation a = (pyefiect — Ptransmit)/(Pre flect +
Ptransmit)- A factor of l(prefleczt + ptransmit) can be absorbed into the
diffuse and specular coefficients.



In contrast to the naturally rough, tiled surface of dry hair,
this smoother surface creates a shinier appearance of the hair
due to increased specular reflections. Furthermore, light rays
are subject to total internal reflection inside the film of water
around the hair strands, contributing to the darker appearance
wet hair has over dry hair. Moreover, water is absorbed into the
hair fiber, increasing the opacity value of each strand leading
to more aggressive self-shadowing (see Section 1V-C).

Bruderlin [72] and Ward et al. [33] modeled wet strands
by increasing the amount of specular reflection. Furthermore,
by increasing the opacity value of the hair, the fibers attain
a darker and shinier look, resembling the appearance of wet
hair (see Figure 10).

C. Hair Self-Shadowing

dage

TR

Fig. 25. Importance of self-shadowing on hair appearance. (left) Shadows
computed using Deep Shadow Maps [73] compared to (right) No shadows.
Images courtesy of Pixar Animation Studios.

Hair fibers cast shadows onto each other, as well as receiv-
ing and casting shadows from and to other objects in the scene.
Self-shadowing creates crucial visual patterns that distinguish
one hairstyle from another, see Figure 25. Unlike solid objects,
a dense volume of hair exhibits complex light propagation
patterns. Each hair fiber transmits and scatters rather than
fully blocks the incoming lights. The strong forward scattering
properties as well as the complex underlying geometry make
the shadow computation difficult.

One can ray trace hair geometry to compute shadow,
whether hair is represented by implicit models [59] or explicit
models [62]. For complex geometry, the cost of ray traversal
can be expensive and many authors turn to caching schemes
for efficiency. Two main techniques are generally used to
cast self-shadows into volumetric objects: ray casting through
volumetric densities and shadow maps.

1) Ray-casting through a Volumetric Representation: With
implicit hair representations, one can directly ray trace volume
density [20], or use two-pass shadowing schemes for volume
density [59]; the first pass fills volume density with shadow
information and the second pass renders the volume density.

2) Shadow Maps: LeBlanc [58] introduced the use of the
shadow map, a depth image of hair rendered from the light’s
point of view. In this technique, hair and other objects are
rendered from the light’s point of view and the depth values
are stored. Each point to be shadowed is projected onto the
light’s camera and the point’s depth is checked against the
depth in the shadow map. Kong and Nakijima [56] extended
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the principle of shadow caching to the visible volume buffer,
where shadow information is stored in a 3D grid.

In complex hair volumes, depths can vary radically over
small changes in image space. The discrete nature of depth
sampling limits shadow buffers in handling hair. Moreover,
lights tend to gradually attenuate through hair fibers due
to forward scattering. The binary decision in depth testing
inherently precludes such light transmission phenomena. Thus,
shadow buffers are unsuitable for volumetric hair.

The transmittance 7(p) of a light to a point p can be written
as:

l
7(p) = exp(—), where Q = / o (1)dl'.
0

1 is the length of a path from the light to p, o, is the extinction
(or density) function along the path. € is the opacity thickness
(or accumulated extinction function).

Fig. 26. Top: a beam of light starting at the shadow camera origin (i.e.,
the light source) and passing through a single pixel of the deep shadow map.
Bottom: the corresponding transmittance (or visibility) function 7, stored as
a piecewise linear function.

In the deep shadow maps technique [73], each pixel stores
a piecewise linear approximation of the transmittance function
instead of a single depth, yielding more precise shadow
computations than shadow maps, see Figure 26 for an illus-
tration. The transmittance function accounts for two important
properties of hair.

Fractional Visbility: In the context of hair rendering, the
transmittance function can be regarded as a fractional visibility
function from the light’s point of view. If more hair fibers
are seen along the path from the light, the light gets more
attenuated (occluded), resulting in less illumination (shadow).
As noted earlier, visibility can change drastically over the
pixel’s extent. To handle this partial visibility problem, one
should accurately compute the transmission function by cor-
rectly integrating and filtering all the contributions from the
underlying geometry.

Tranducency: A hair fiber not only absorbs, but also
scatters and transmits the incoming light. Assuming that the
hair fiber transmits the incoming light only in a forward
direction, the translucency is also handled by the transmittance
function.

Noting that the transmittance function typically varies radi-
cally over image space, but gradually along the light direction,



one can accurately approximate the transmittance function
with a compact representation. Deep shadow maps [73] use
a compressed piecewise linear function for each pixel, along
with special handling for discontinuities in transmittance.
Figure 25 shows a comparison of hair geometry with and
without shadows using the deep shadow maps algorithm.

Fig. 27. Opacity Shadow Maps. Hair volume is uniformly sliced perpendic-
ular to the light direction into a set of planar maps storing alpha values (top).
The resulting shadowed hair (bottom).

Opacity shadow maps [74] further assume that such trans-
mittance functions always vary smoothly, and can thus be
approximated with a set of fixed image caches perpendicular
to the lighting direction (see Figure 27). By approximating
the transmittance function with discrete planar maps, opacity
maps can be efficiently generated with graphics hardware
(see Section 1V-D.3). Linear interpolation from such maps
facilitates fast approximation to hair self-shadows.

D. Rendering Acceleration Techniques

Accurately rendering complex hairstyles can take several
minutes for one frame. Many applications, such as games
or virtual reality, require real-time rendering of hair. These
demands have initiated recent work to accelerate precise ren-
dering algorithms by simplifying the geometric representation
of hair, by developing fast volumetric rendering, or by utilizing
recent advances in graphics hardware.

1) Approximating Hair Geometry: Section I1V-B explained
the structure of hair and showed that hair fibers are actually
quite complex. Simplifying this geometry, using fewer vertices
and rendering fewer strands, is one strategy for accelerating
hair rendering. Removing large portions of hair strands can
be distracting and unrealistic, therefore surfaces and strips
have been used for approximating large numbers of hair
strands [16], [47], [48], [75]-

These two-dimensional representations resemble hair by
texture mapping the surfaces with hair images and using alpha
mapping to give the illusion of individual hair strands. Curly
wisps can be generated by projecting the hair patch onto a
cylindrical surface [75].

Level of detail (LOD) representations used by Ward et al.
[53], [37] (see Section I11-D.1) for accelerating the dynamic
simulation of hair, also accelerates hair rendering. Using a
coarse LOD to model hair that cannot be seen well by the
viewer requires rendering fewer vertices with little loss in
visual fidelity. As a result, the time required to calculate light
scattering and shadowing effects is diminished by an order of
magnitude.
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2) Interactive Volumetric Rendering: Bando et al. [10]
modeled hair as a set of connected particles, where particles
represent hair volume density. Their rendering method was
inspired by fast cloud rendering techniques [76] where each
particle is rendered by splatting a textured billboard, both for
self-shadowing computation and final rendering. This method
runs interactively, but it does not cast very accurate shadows
inside hair (see Figure 15).

Bertails et al. [77] use a light-oriented voxel grid to store
hair density values, which enables them to efficiently compute
accumulative transmittance inside the hair volume. Transmit-
tance values are then filtered and combined with diffuse and
specular components to calculate the final color of each hair
segment. Though very simple, this method yields convincing
interactive results for animated hair (see Figure 28). Moreover,
it can easily be parallelized to increase performance.

.‘ i, .

Fig. 28. Interactive hair self-shadowing processed by accumulating trans-
mittance values through a light-oriented voxel grid [77]. (left) Animated hair
without self-shadows; (right) Animated hair with self-shadows.

3) Graphics Hardware: Many impressive advances have
been made recently in programmable graphics hardware.
Graphics processor units (GPUs) now allow programming of
more and more complex operations through dedicated lan-
guages, such as Cg. For example, various shaders can directly
be implemented on the hardware, which greatly improves
performance. Currently, the major drawback of advanced GPU
programming is that new features are neither easy to imple-
ment nor portable across different graphics cards.

Heidrich and Seidel [78] efficiently render anisotropic sur-
faces by using OpenGL texture mapping. Anisotropic reflec-
tions of individual hair fibers have also been implemented with
this method for straightforward efficiency.

As for hair self-shadowing, some approaches have recently
focused on the acceleration of the opacity shadow maps
algorithm (presented in Section 1V-C.2), by using the recent
capabilities of GPUs. Koster et al. [75] exploited graphics
hardware by storing all the opacity maps in a 3D texture, to
have the hair self-shadow computation done purely in graphics
hardware. Using textured strips to simplify hair geometry (as
seen in Section IV-D.1), they achieve real-time performance.
Mertens et al. [79] explored efficient hair density clustering
schemes suited for graphics hardware, achieving interactive
rates for high quality shadow generation in dynamically chang-
ing hair geometry. Finally, a real-time demonstration showing
long hair moving in the sea was presented by NVidia in
2004 [80] to illustrate the new capabilities of their latest
graphics cards (see Figure 29).



Fig. 29. Real-time rendering of long, moving hair using recent graphics
hardware [80]. Image Courtesy of NVIDIA Corporation, 2004

V. NEwW CHALLENGES

As the need for hair modeling continues to grow in a
wide spectrum of applications, the computational demands
on hairstyling, animation, and rendering become even more
challenging. Depending on the targeted application, the main
focus may be put either on physically-based realism (for
cosmetic prototyping), visual realism with a high user control
(for features films), or computations acceleration (for virtual
environments and videogames). Some of these goals have been
partially achieved, but many important issues still remain,
especially in the field of hair animation.

A. Hairstyling

One of the most difficult challenges to virtual hairstyling
remains to be creating intricate styles with a high level of user
control in a short amount of time. There is typically a tradeoff
between the amount of user control and the amount of manual
input time. An interesting future direction in hairstyling could
be to combine different shaping techniques in a manner that
keeps a high degree of user control while still accelerating
the time for user input. Moreover, haptic techniques for 3D
user input have shown to be quite effective for mimicking
real-world human interactions and have only recently been
explored for hairstyling [7]. Attaining input through haptic
gloves rather than through traditional mouse and keyboard
operations is a possibility that could allow a user to inter-
act with hair in a manner similar to real-world human-hair
interactions. Creating a braid, for example, could potentially
be performed in just minutes with haptic feedback, similar to
real-world hairstyling.

In addition to user input, interactive virtual hairstyling
techniques can also benefit from accelerations in rendering and
simulation. While most styling techniques are targeted towards
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static hair, faster hair animation and rendering techniques
would enable more realistic human-hair interaction. Styling
of dynamic hair would be beneficial for cosmetic training and
other interactive hairstyling functions. These high-performance
applications demand the ability to interact accurately with hair
via common activities, such as combing or brushing hair, in
real time. But as explained in next Section, hair dynamic
behavior as well as hair interactions are currently far from
being satisfactorily simulated, especially in terms of accuracy.

B. Animation

Individual hair strands and groups of strands (or wisps) have
been animated in various ways. Some of these techniques yield
a fair visual appearance of moving hair, but still, they lack a
high degree of physical basis. Unlike some other mechanical
systems, such as fluids, hair has not been deeply studied
by physicists, and thus no macroscopic model describing the
accurate dynamics of hair (individual and collective behavior)
is currently available. As a result, computer scientists have
built hair dynamics models that are often approximations
of reality, and they seldom propose any rigorous validation
of their models. Some recent work accounting for relevant
structural and mechanical properties of hair starts to explore
and to develop new mechanical models for simulating more
closely the complex, nonlinear behavior of hair [6]. But for
the moment, only static hairstyles are computed. Moreover,
proposing a validated model for handling hair-hair interactions
remains an open issue. Such investigations would benefit appli-
cations such as medical simulations and cosmetic prototyping.

While hair animation methods still lack physically-based
grounds, many advances have been made in terms of per-
formance through the use of hair strips (Section I11-C.2.a),
FFD (Section I11-C.1.d), and multi-resolution techniques (Sec-
tion 111-D), but each of these methods have various limitations
to overcome. Hair strips can be used for real-time animation
of hair, though hairstyles and hair motions are limited to
simple examples due to the flat surface representation of the
hair. Multi-resolution techniques have been able to model
some important features of hair behaviors, including dynamic
grouping and separation of hair strands, and have successfully
accelerated hair simulation while preserving visual fidelity
to a certain extent. However, highly complex hairstyles with
motion constraints are still not simulated in real-time with
these multi-resolution methods. FFD methods have been used
to attain real-time animation of various hairstyles; nevertheless
such approaches are limited mainly to small deformations of
hair. It would be interesting to explore the synthesis of one
or more of these techniques by drawing on their strengths; for
example, the use of an FFD approach that would allow for the
hair volume to split into smaller groups for finer detail.

C. Rendering

Whereas very little physical data is available for hair me-
chanical properties, especially the way a collection of hair
fibers behave together during motion, the microscopic struc-
ture of hair is well-known (Section I1V-B.1). Measurements
of hair scattering have recently led researchers to propose



an accurate physically-based model for a single hair fiber,
accounting for multiple highlights observable in real hair
(Section 1V-B.5). So far, this model is only valid for a single
hair fiber. Other complex phenomena such as inter-reflection
inside the hair volume should also be considered for capturing
the typical hair lighting effects. Another important aspect
of hair is self-shadowing. Many existing approaches already
yield convincing results. The most challenging issue perhaps
lies in simulating accurate models for both the scattering of
individual hair fibers and the computations of self-shadows at
interactive rates.

VI. CONCLUSION

We presented a literature review on hair styling, simulation,
and rendering. For hairstyling, the more flexible methods
rely mostly on manual design from the user. Intuitive user
interfaces and pseudo-physical algorithms contribute to sim-
plifying the user’s task, while recent approaches capturing hair
geometry from photographs automatically generate existing
hairstyles. Various methods for animating hair have also been
described, such as through a continuous medium or disjoint
groups of hairs. Existing hair simulation techniques typically
require a tradeoff among visual quality, flexibility in represent-
ing styles and hair motion, and computational performance.
We also showed how multi-resolution techniques can be used
to automatically balance this tradeoff. Finally, we discussed the
main issues in hair rendering. We explained the effects of light
scattering on hair fibers, explored techniques for representing
explicit and implicit hair geometry, and examined different
shadowing methods for rendering hair.

Hair modeling remains an active area of research. De-
pending on the specific field—styling, animation or rendering—
different levels of realism and efficiency have been made.
While hair rendering is probably the most advanced field,
styling and above all animation still raise numerous unsolved
issues. Researchers have begun to explore techniques that will
enable more authentic user experiences with hair.
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Abstract tion. Dynamics of hair addresses hair movement, their colli-
sion with other objects particularly relevant for long hair, and
In this paper we summarize the technological advances inself-collision of hair. The rendering of hair involves dealing
hair simulation for computer graphics. There are mainly with hair color, shadow, specular highlights, varying degree
three tasks in hair simulation - Hair Shape Modeling, Hair of transparency and anti-aliasing. Each of the aspects is a
Dynamics and Hair Rendering. Various models developed topic of research.
for these tasks, fall mainly in the categoriespaiiticle sys- Many research efforts have been done in hair simulation
tems explicit hair modelscluster hair modelsand models research, some dealing only with one of the aspects of sim-
based owvolumetric texturesWe discuss advantages and dis- ylation -shape modeling, dynamics or rendering. Several re-
advantages of each of these approaches. We also introduce gearch efforts were inspired by the general problem of simu-
new hair shape modeling paradigm based on fluid flow. The |ation of natural phenomena such as grass, and trees. These
proposed method provides a sound basis for modeling hair-addressed a more limited problem of simulating of fur or
body and hair-hair interaction. short hair. We divide hair simulation models into four cate-
gories depending upon the underlying technique involved:
particle systems, volumetric textures, explicit hair models
and cluster hair modelWe discuss models presented by re-
searchers in each of these model categories and state their
1 Introduction contribution to the three aspects of hair simulation, i.e. hair
shape modeling, hair dynamics and hair rendering. We also
One of the many challenges in simulating believable virtual introduce a new hair shape modeling paradigm based on fluid
humans has been to produce realistic looking hair. The vir- flow.
tual humans, two decades ago, were given polygonal hair The paper is organized as follows. First we give the state
structure. Today, this is not acceptable. Realistic visual de- of the art in hair shape modeling. The hair shape modeling
piction of virtual humans has improved over the years. At- research in each category of the simulation models is pre-
tention has been given to all the details necessary for produc-sented. Models for hair dynamics are briefly described in
ing visually convincing virtual humans and many improve- Section 3. Section 4 presents the problem of hair render-
ments have been done to this effect. ing and the various solutions proposed by different people.
On a scalp, human hair are typically 100,000 to 150,000 Finally, we summarize the effectiveness and limitations of
in number. Geometrically they are long thin curved cylinders models in the four categories related to each aspect of hair
having varying thickness. The strands of hair can have anySimulation in the form of a table. Some future avenues for
degree of waviness from straight to curly. The hair color can research in hair simulation are also outlined.
change from white to grey, red to brown, due to the pigmen-
tation, and have shininess. Thus, difficulties of simulating
hair stem from the huge number and geometric intricacies 2~ Hair Shape Modeling
of individual hair, complex interaction of light and shadow
among the hairs, the small scale of thickness of one hair com-Intricate hairstyle is indeed a consequence of physical prop-
pared to the rendered image and intriguing hair to hair inter- erties of an individual hair and complex hair-hair and hair-
action while in motion. One can conceive three main aspectspody interactions. As we will see in the next section, mod-
in hair simulation - hair shape modeling, hair dynamics or eling complex hair dynamics, that too at interactive speeds,
animation, and hair rendering. Often these aspects are in-is currently impractical. For the reasons, it would be worth-
terconnected while processing hairs. Hair shape modelingwhile to treathair shape modelings a separate problem and
deals with exact or fake creation of thousands of individ- use some heuristic approach.
ual hair - their geometry, density, distribution, and orienta- Ear|y attempts of Sty||ng |0ng hair were basedgxp”cit
*Visiting from Department of Computer Science and Engineering, In- hair models In the explicit hair model, each hair strand
dian Institute of Technology, Delhi, India. pkalra@cse.iitd.ernet.in is considered for the shape and the dynamics. Daldegan

Keywords: hair shape modeling, hair animation, hair ren-
dering, hypertexture




Figure 1: Hairstyling by defining a few curves in 3D

individual hair in the case of the wisp/cluster models. This
assumption is quite valid as in reality. Due to effects of ad-
hesive/cohesive forces, hairs tend to form clumps. Watanabe
introduced the wisp modeled in [24, 25]. Yahal[26] mod-
eled the wisps ageneralized cylinderssee figure 2. One of
the contributions of the work was also in rendering of hair
using the blend of ray-tracing generalised cylinders and the
volumetric textures The wisp model is also evident in [2].
Surprisingly, till now, the wisp models are only limited to
static hair shape modeling and we feel that it offers an inter-
esting research possibility of modeling hair dynamics, effi-
ciently. It would be interesting to model, how hair leave one
wisp and join the other under dynamics.

et al [5] proposed that the user could interactively define a
few characteristic hair strands in 3D and then populate the
hair style based on them. The user is provided with a flex-
ible graphical user interface to sketch a curve in 3D around
the scalp. A few parameters such as density, spread, jitter
and orientation control the process that duplicates the char-
acteristic hairs to form a hair style. Figure 1 illustrates the
method of defining few characteristic curves and resulting

Figure 3: Fur as a Volumetric Texture, by Pertinal

hairstyles from the method. Similarly, even for the fur mod-
eling, Daldegaret al [4], Gelderet al [8] and Bruderlinet

al [1] took similar explicit hair modeling approach. Figure
12 illustrates a furry coat modeled by the explicit hair model.

Figure 2: Cluster Hair Model, by Yaet al

The explicit hair models are very intuitive and close to
reality. Unfortunately, they are tedious for hairstyling. Typ-

Nature exhibits some interesting fuzzy objects such as
clouds, fire, eroded rocks and fur for which it is hard to
have explicit geometric definition. Using the volumetric tex-
ture approach, fur can be modeled as a volumetric density
function. Perlinet al [18] introducedhypertextureswhich
can model fur, see figure 3. Here, fur is modeled as intri-
cate density variations in a 3D space, which gives an illusion
of the fur like medium without defining geometry of each
and every fiber. The model is essentially an extension to
procedural solid texture synthesis evaluated through out the
region, instead of only in the surface. They demonstrated
that, combinations of simple analytical functions could de-
fine furry ball or furry donut. They further used 3D vector
valued noise and turbulence to perturb the 3D texture space.
This gave the natural looks to the otherwise even fur defined
by the hypertexture. A good discussion on the procedural ap-
proach to modeling volumetric texture and fur in particular
is in [7]. Hypertexture method by Perligt al is only lim-
ited to geometries that can be analytically defined. Kagiya
al [12] extended this approach to have hypertextures tiled on
to complex geometry. They demonstrated this by modeling
a furry bear, see figure 10. They used a single solid texture

ically, it takes 5-10 hours to model a complex hair style, as tile namely texel and mapped it repeatedly on the bear’s ge-
in figure 1, using the method in [5]. They are also numeri- ometry. The texels automatically orient in the direction away
cally expensive for hair dynamics. These difficulties are par- from the surface and thus one has fuzzy volumetric density
tially overcome by considering a bunch of hair instead of variation around the bear, which is the fur.



Figure 4: Hair as streamlines of a fluid flow

As evident from previous discussions, one of the strengths

of the explicit hair models is their intuitiveness and ability
to control the global shape of the hair. On the contrary, vol-
umetric textures give a nice way of interpreting complex-
ity in nature and they are rich in details. We notice that the
fluid flow has both the characteristics, which we would like
to exploit for hair shape modeling. We model hair shape
as streamlines of a fluid flow. For complete details of the
method, we refer to [10]. We choose the flow to be an
ideal flow. User can setup few ideal flow elements around
the body geometry to design a hairstyle, as shown in figure
2. The hair-body interaction is modeled usisgurce panel
methodand hair-hair interaction is handled by the continuum
property of fluid. Thus user can design complex hairstyles
without worrying about hair-body and hair-hair interaction.
Hairstyles in figure 5 and 6 are the examples of modeling
hair as a fluid flow.

Figure 5: Hair as a fluid flow

Figure 6: Adding overall volumetric perturbations to the
fluid flow

3 Hair Dynamics

Cantilever

Damping

Bending Stiffness .
Point Mass

Single Hair Fiber

Figure 7: Simple mass-spring system for an individual hair
dynamics

Anjyo et al[11], Rosenblunet al[22] and Kuriharaet al[23]
developed dynamic models that are issentialy based on in-
dividual hair. An individual hair is modeled as connected
rigid segments having bending stiffness at each joint. Then
the individual hair is solved for the movement due to the
inertial forces and the collision with the body. Though the
cantilever dynamics and collision avoidance with the body
of each hair is within the scope of current computing power,
modeling complex hair-to-hair interaction is still a challenge.
Figure 8 illustrates the effectiveness of the dynamic model
even though no hair-hair interaction is considered.



Figure 8: Hair animation using the explicit model, by Kuri-
haraet al

L . Figure 9: Hair as Connected Particle System, “The End” by
In the case of fur, which is mostly modeled as volumetric A jiqs_\Wavefront

texture, one cannot take the explicit model approach for the
animation. In this case, a time varying volume density func-
tion can facilitate animation of fur. One can simulate effects represent these properties. A particle system is rendered by
of turbulent air on the fur using stochastic space perturbation painting each particle in succession onto the frame buffer,
such as turbulence, noise, Brownian motion etc. Apart from computing its contribution to the pixel and compositing it
Lewis [15] and Perlin [17, 18], work by Dischler [6] gave a to get the final color at the pixel. The technique has been
generalized method for these animated shape perturbations.successfully used for rendering these fuzzy objects and inte-
grated in many commercial animation systems. Figure 9 is
an example of how one can use connected particle systems
4 Hair Rendering for the modeling of hair. However, the technique has some
limitations for shadowing and self-shadowing. Much of it is
In the field of virtual humans, hair presents one of the most due to the inherent modeling using particle systems: simple
challenging rendering problems. The difficulties arise from stochastic models are not adequate to represent the type of
various reasons: large number of hair, detailed geometry of order and orientation of hair. Also, it requires appropriate
individual hair and complex interaction of light and shadow lighting model to capture and control the hair length and ori-
among the hairs and their small thickness. The rendering of entation. The specular highlights in particular owing to the
hair often suffers from the aliasing problem due to many in- geometry of the individual strands are highly anisotropic.
dividual hairs reflecting light and casting shadows on each  Impressive results have been obtained for the more lim-
other contribute to the shading of each pixel. Further, con- ited problem of rendering fur, which can be considered as
cerning display of hairs, we see not only individual hairs but very short hair. As we have already discussed in the case of
also a continuous image consisting of regions of hair color, hair shape modeling, Perliet al [18] introduced hypertex-
shadow, specular highlights, varying degree of transparencytures that can model fur like objects. Hypertexture approach
and haloing under backlight conditions. The image, in spite remains limited to geometries that can be defined analyti-
of the structural complexity, shows a definite pattern and tex- cally. Kajiya and Kay extended this approach to use it on
ture in its aggregate form. the complex geometries. They used a single solid texture
In the last decade, the hair-rendering problem has beentile namely texel. The idea of texels was inspired by the no-
addressed by a number of researchers, in some cases wittion of volume density used in [18]. A texel is a 3D texture
considerable success. However, most cases work well in par-map where both the surface frame and lighting model pa-
ticular conditions and offer limited (or none) capabilities in rameters are embedded over a volume. Texels are a type of
terms of dynamics or animation of hair. Much of the work model intermediate between a texture and a geometry. A
refers to a more limited problem of rendering fur, which also texel is however, not tied to the geometry of any particular
has a lot in common with rendering natural phenomena suchsurface and thus makes the rendering time independent of
as grass and trees. As follows we give the related work in the geometric complexity of the surface that it extracts. The
hair rendering focusing their salient features and limitations. results are demonstrated by rendering a teddy bear (figure
Particle systems introduced by Reee¢sl [19], primar- 10). Texels are rendered using ray casting, in a manner sim-
ily meant to model class of fuzzy objects such as fire. De- ilar to that for volume densities using a suitable illumination
spite particles small size -smaller than even a pixel- the par- model. Kajiyaet al discusses more about the particular fur
ticle manifests itself by the way it reflects light, casts shad- illumination model and a general rendering method for ren-
ows, and occludes objects. Thus, the subpixel structure ofdering volume densities. The rendering of volume densities
the particle needs to be represented only by a model that carare also covered in great detail in the book by Edteal [7].



Figure 11: Rendering pipeline of the method-"Pixel Blend-
ing and Shadow Buffer”

the shadow buffer [20]. The rendering pipeline has the fol-

Figure 10: Volumetric Texture rendering by Kajigaal lowing steps: first the shadow of the scene is calculated for
each light source. Then, hair shadow buffer is computed for

L each light source for the given hair style model; this is done

In another approach by Goldman [9], emphasis is given on by drawing each hair segment into a Z-buffer and extract-
rendering visual characteristics of fur in cases where the hairing the depth map. The depth maps for the shadow buffers
geometry is not visible at the final image resolution -object ¢ - o scene and hair are composed giving a single com-
being far away from the camera. A probabilistic rendering sjte shadow buffer for each light source. The scene image
algorithm, also referred to as fakefur algorithm is proposed. with its Z-buffer is generated using scene model and com-

In this model, the reflected light from individual hairs and posite shadow buffers. The hair segments are then drawn
from the skin below is blended using the expectations of a 4 jjiyminated polylines [27] into the scene using Z-buffer
ray striking a hair in that area as the opacity factor. of scene for determining the visibility and the composite
Though the volumetric textures are quite suitable for ren- ¢paqow buffers for finding the shadows. Figure 11 shows
dering furry objects or hair patches, rendering of long hair hq process and Figure 12 gives final rendered image of a

using this approach does not seem obvious. ~_ hairstyle of a synthetic actor with a fur coat.
A brute force method to render hair is to model each indi-

vidual hair as curved cylinder and render each cylinder prim-
itive. The shear number of primitives modeling hair poses
serious problem to this approach. However, the explicit mod-
eling of hair has been used for different reasons employing
different types of primitives.

An early effort by Csuriet al [3] generated fur-like vol-
umes using polygons. Each hair was modeled as a single
triangle laid out on a surface and rendered using a Z-buffer
algorithm for hidden surface removal. Miller [16] produced
better results by modeling hair as pyramids consisting of tri-
angles. Oversampling was employed for anti-aliasing. These
techniques however, impose serious problems considering
reasonable number and size of hairs.

In an another approach, a hardware Z-buffer renderer was
used with Gouraud shading for rendering hair modeled as
connected segments of triangular prisms on a full human Figure 12: Fur using Explicit Hair Model
head. However, the illumination model used was quite sim-
plistic and no effort was done to deal with the problem of  Special effects like rendering wet hair require change in
aliasing. LeBlanet al[14] proposed an approach of render- the shading model. Bruderlin [1] presented some simple
ing hair using pixel blending and shadow buffers. This tech- ways to account for the wetness of hair -changing the spec-
nique has been one of the most effective and practical hairularity. That is, hairs on the side of a clump facing the light
rendering approach. Though it could be applied for the vari- are brighter than hairs on a clump away from the light.
ety of hairy and furry objects, one of the primary intention of ~ Kong and Nakajimat al[13] presented an approach of us-
the approach was to be able to render realistic different stylesing visible volume buffer to reduce the rendering time. The
of human hairs. Hair rendering is done by mix of ray trac- volume buffer is a 3D cubical space defined by the user de-
ing and drawing polyline premitives, with added module for pending upon the available memory and the resolution re-




quired. They consider hair model as combination coarse mans. We consider three aspects in hair simulation: hair
background hair and detailed surface hair determined by theshape modeling, hair rendering and hair dynamics. Different
distance from the viewpoint or the opacity value. The tech- approaches have been proposed in the literature dealing with
nigue reduces considerably the rendering time, however, theone or more aspects of hair simulation. We divide them into
quality of results is not so impressive. four categories based on the underlying technique: particle
systems, volumetric textures, explicit hair models and clus-
ter hair model. Some of these techniques are appropriate and
effective only for one of the aspects in hair simulation. In fig-
ure 14, we summarize their role with their effectiveness and
limitations for each aspect of the hair simulation. Notice that
we have introduced a new hair modeling paradigm - “Hair
as a Fluid”. We believe, this approach has good potential
in terms of hair shape modeling and hair dynamics, as the
methodology gives a basis for modeling complex hair-hair
interactions.

No, doubt research in hair simulation despite the inherent
difficulty of its size has been encouraging and shown remark-
able improvements over the years. People in general are not
% ready to accept a bald digital actor or an animal without fur.

s Such realism to computer graphics characters is also becom-
Figure 13: Braid rendered using generalized cylinders and N9 more widely available to the animators. Many of the
volumetric texture, by Yaet al commercial software provide suitable solutions and plug ins

for creating hairy and furry characters. An article by Robert-

Yan et al [26] combine volumetric texture inside the ex- son [2.1] gives an overview of various techniques available
for animators.

plicit geometry of hair cluster defined as a generalized cylin- . . L
However, the quest of realism increases after noticing

der. Ray tracing is employed to get the boundaries of the i X X
generalized cylinder and then the standard volume rendering?’/Nat one can already achieve. This asks to continue our
research for better solutions. Hair dynamics for instance

is applied along the ray to capture the characteristics of the

density function defined. This may be considered as a hybrid "€M&ins an area, where existing computing resources im-
pose constraints. It is still very far to imagine real time

approach for hair rendering.

5 Conclusion

hair blowing with full rendering and collisions. Hair dress-
ing and styling also require flexible and convenient modeling
paradigms. Fast and effective rendering methods for all hair
styles -short or long, in all conditions -dry or wet, modeling
all the optical properties of hair are still to be explored. So

Hair Modeling Hair Animation Hair Rendering there is still |ong way to go.
Explicit Models ~ ffective adequate fast
- tedious to model - expensive due to size - inadeguate for
- not suitable for - inappropriate for self-shadowing
knots and braids hair-hair interaction 6 Acknowledgements
Particle Systems  inappropriate adhoc effective
- lacks physical basis - lacks shadowing . . i i
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Volumetric effective limited effective Foundation (FNRS)'
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ABSTRACT

True real-time animation of complex hairstyles on animated
characters is the goal of this work, and the challenge is to build a
mechanical model of the hairstyle which is sufficiently fast for
real-time performance while preserving the particular behavior of
the hair medium and maintaining sufficient versatility for
simulating any kind of complex hairstyles.

Rather than building a complex mechanical model directly related
to the structure of the hair strands, we take advantage of a volume
free-form deformation scheme. We detail the construction of an
efficient lattice mechanical deformation model which represents
the volume behavior of the hair strands. The lattice is deformed as
a particle system using state-of-the-art numerical methods, and
animates the hairs using quadratic B-Spline interpolation. The
hairstyle reacts to the body skin through collisions with a
metaball-based approximation. The model is highly scalable and
allows hairstyles of any complexity to be simulated in any
rendering context with the appropriate tradeoff between accuracy
and computation speed, fitting the need of Level-of-Detail
optimization schemes.

Categories and Subject Descriptors: 1.3.7 [Three-Dimensional
Graphics and Realism]: Animation, Virtual Reality; 1.6.3
[Simulation and Modeling]: Applications. General Terms:
Algorithms. Keywords: Real-time animation, mechanical
simulation, hair modeling, virtual characters.

Figure 1: Our system animates hairstyles of large complexity.

1. INTRODUCTION

Modeling and rendering hair on virtual characters always remains
a challenge. Its nature of intricate arrangement of a huge number
of strands (often more than 100 000) provides to the medium a
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complex behavior that depends not only on the elastic properties
of the strands, but also on the way they interact through friction.
This behavior is highly dependent on the type of hairstyle (straight
or curly, long or short) and condition (stiff or soft, dense or
sparse, dry or wet...). Techniques may consider any compromises
between simulating individually each strand and simulating a
volume medium representing the complete hairstyle.

1.1. Overview of Hair Simulation Techniques
Hair modeling has started along the emergence of computer-
generated virtual characters. The first models were explicit, and
considered the modeling and the rendering of each individual
strand. These are illustrated by the contributions of Daldegan et al
[9] for modeling and rendering, Rosenblum et al [31], Kurihara
and Anjyo et al [1] for strand-based animation.

However, the explicit model had serious limitations resulting from
the large amount of hair strands to be considered, resulting in
large computation times unsuitable for real-time applications.
Reducing this complexity and the number of degrees of freedom
of the model is essential for fast computation. The first idea is to
consider that hairs of neighboring locations share similar shapes
and mechanical behaviors. In many models, such hairs are
grouped into wisps, sometimes also called clusters. This eases the
work of the hair designer as well as the computation required for
hair animation. This technique was defined by Watanabe et al
[34], and has been frequently used since with many variations.
Examples are the guide hairs with collisions and interpolation of
Chang et al [6], the multilayer approach with cluster collisions of
Plante et al [29], and some variations from Chen et al [7] and
Yang et al [35]. Another evolution is to replace the hairs by
approximate surfaces (strips or patches), as done by Koh et al [23]
[24], or even volumes that can easily be modeled as polygonal
meshes, such as the thin shell approach of Kim et al [21].
Animation is done by specific mechanical models associated to
these representations, which also include specific methods for
handling collisions efficiently as described by Lee et al [27].

Combining various approaches can lead to Level-of-Detail
methods where the representation is chosen depending on the
current requirement of accuracy and available computational
resources. A good example developed by Bertails et al [4] is based
on wisps tree, and a similar approach from Kim et al [22] is based
on multiresolution clusters. Advanced Level-of-Detail methods
also include combination of strands, clusters and strips modeled
with subdivision schemes and animated using advanced collision
techniques, as developed by Ward et al [32] [33].

In another kind of approach, volume hair models construct a
representation of the hair based on a vector fields representing the
orientation of the hair strands. These approaches have been
exploited for hair design by Hadap et al [16], like a similar model
from Yu [36]. A major difficulty of volume hair models is the
difficulty to connect them to the actual mechanics of hair strands.
An attempt based on explicit strand mechanics has been carried by
Hadap et al [18], but the resulting computation times were
incompatible with interactive applications.

In the specific context of real-time applications, cluster and strip
models are good candidates. Fast strip or guide hair animation can
be obtained through simplified articulated body mechanics, such



as the rigid body animation methods described by Featherstone
[12]. However, they still suffer from various problems, such as the
necessity of collision detection between hairs, and their inability
to represent efficiently some mechanical properties, such as
bending stiffness. Specific approaches are oriented toward real-
time applications, such as the Loosely Connected Particles
approach described by Bando et al [2] and the real-time short hair
model from Guang et al [15], but they suffer from scalability
problems and hairstyle design constraints. Among the major
issues, the specific mechanical models they rely on are only
suitable for specific hairstyles, which are typically long and soft
straight hair (possibly deformed with some geometrical buckling).
We intend to overcome these difficulties through the design of a
new hair animation model based on volume deformations, with
the aim of animating any complex hairstyle design in real-time.
Our animation system should also be compatible with most
approaches used for hairstyle representation and real-time
rendering, and offer the designer the possibility of creating any
kind of hairstyle that can robustly be simulated in any animation
context.

1.2. Our Free-Form Deformation Approach
Our idea is to use Free-Form Deformations (FFD) to animate the
hair in real-time. Free-Form deformations are widely used for
shape design and deformation [13] and recent developments also
include mechanical deformations [10].

Principles of the method

Our method works as follows (Figure 2): During preprocessing, a
lattice is defined around the head and the initial hairstyle. A
mechanical model is then constructed to provide the lattice with a
mechanical behavior related to the hair contained in it. This
mechanical model is based on a particle system constructed on the
lattice nodes. A particular kind of particle interaction has been
developed to represent the mechanical behavior of a hair strand on
the lattice. This model can be decimated at will to obtain the best
compromise between accuracy and computation speed. Collisions
act directly on the lattice nodes through repulsion forces from a
simple metaball representation of the head and shoulders.

During computation, the lattice is animated using state-of-the-art
simulation methods for integrating the mechanical behavior of
particle systems. The current positions of the hair strands or any
other rendered features are finally computed at rendering time
using linear or quadratic B-Spline interpolation from the current
position of the lattice nodes.

Benefits

At the first glance, it seems pretty unnatural to map hairstyle
deformation on a simple cubic lattice rather than using an
interpolation scheme more fitted to the actual topology of the
hairstyle (for instance, interpolating between a reduced set of
animated guide hairs). However, this method allows to take
advantage of several benefits:

- The cubic lattice defines a true volume around the skull, and any
location inside this volume can be computed using very simple
interpolation formula (fast interpolation of any feature during
animation).

- Computing lattice coordinates of any location is also fast and
straightforward (for use in interactive hairstyle editing).

Decoupling the topology of the animated interpolation structure
from the actual hair topology also have good benefits:

- Limited reliance on the strand nature of the hair, which is only
used during preprocessing for constructing the mechanical model
representing hair mechanics. The resulting Free-Form
interpolation can be directly applied on strands as well as on
clusters, strips and even volume representations of the hair, giving
a highly versatile model suitable for all rendering contexts.

- Total freedom for hairstyle design, as hairs can be long or short,
curled or straight, and even contain specific features such as
ponytails without any particular adaptation of the model. This is

quite impossible with current wisp-based animation systems that
require wisp shapes to be in a mechanically consistent state
(usually straight) only influenced by collisions.

- Good scalability, by allowing complete control of the
complexity of the mechanical model (lattice size and number of
interactions) independently from the complexity of the initial
hairstyle. Realism of the hair animation is maintained to an
according extent by the mechanical interactions in the lattice that
are constructed to model the mechanical behavior of hair strands.

Using our system, the hairstyle can be designed in its natural
equilibrium state on the head using any hairstyle creation
software, which is much easier to manage for the designer.
Whatever the input, the lattice and its mechanical model are
automatically constructed at any resolution suitable for the
performance requirements.

Figure 2: Workflow of the hair animation process: The
hairstyle is designed (B) from a model (A). A lattice is then
build from the hair strands with a simplified mechanical
model (C). During animation, the lattice is mechanically
deformed (D) and hair features are interpolated from the
lattice (E) for real-time animation and rendering.

Section 2 describes the principles of our simulation scheme,
whereas Section 3 details the mechanical model and Section 4 the
geometric Free-Form interpolation method. Results and further
considerations are detailed in Section 5.

2. LATTICE-BASED FFD ANIMATION

In a typical real-time animation system, the body animation is
usually carried out by animating a skeleton through various high-
level methods, such as prerecorded animation, real-time tracking
or smart autonomy algorithms. A transformation matrix is
associated to each skeleton component, and expresses its current
position in world coordinates. The body skin is deformed using
these matrices. Interpolation methods may eventually deform the
skin around the joints. We focus our attention on the motion of the
head, described at any time by a transformation matrix R and
speed matrix R' (element-wise derivative of R against time).



2.1. The Lattice Model

We construct a 3D lattice around the head that includes all the
hair. As shown in Figure 4, this lattice is defined by the initial
position vector P’ containing the positions p,’ of all its nodes.
During animation, the lattice is moved according to the head
motion. The current rigid-motion positions R p;’ and velocities
R' p;’ of the lattice nodes define the rigid motion pattern of the
hair, in which the hair follows the head motion without any
deformation (Figure 3).

In our approach, the lattice is however deformed by mechanical
computation. For this, we define the current deformed position
vector P and velocity vector P' of the lattice containing the
current positions p; and speeds p;' of the lattice nodes (Figure 4).
Their evolution is ruled by mechanical computation iterations that
use the current values of R p;’ and R' p; as equilibrium states.
This mechanical model, aimed at providing the lattice with the
volumic behavior of the hair contained in it, is constructed during
preprocessing.

Figure 3: Rigid transformation and mechanical deformation
of the lattice during animation of the head.

2.2. An Efficient Model using Lattice

Stiffeners

Different approaches are possible for designing this mechanical
lattice deformation model. However, spring-mass approaches still
seem to be the best candidate for designing really fast mechanical
models.

Restricting the model to springs directly linking the lattice nodes
imposes force directions ruled by the lattice orientation. This is
too inaccurate to precisely model the real effect of elastic hair
segments that follow very precise arbitrary directions. The only
way to allow a spring to represent accurately a hair segment
would be to attach its extremities anywhere in the lattice volume,
and not only on the lattice nodes.

A possible solution is to create additional intermediate nodes
inside the lattice elements. Such approaches are usually combined
to adaptive subdivision schemes. This would however complicate
the FFD interpolation procedures, and the benefit of a reduced
number of degrees of freedom would be lost as well.

Lattice stiffeners

We have solved this problem by creating lattice stiffeners, a kind
of mechanical interaction model that acts on a weighted sum of
lattice nodes rather than on individual nodes only (Figure 4). They
are defined by a behavior law G6(€,€') that relates particle forces f;
to particle positions p;, and velocities p;', as well as a particle
weights w; that relates the influence of the law on each lattice
node, as follows:

f.=w,0 with e:ijpj and e’=2wjpg 1)
i i
Lattice stiffeners are quite suited for being integrated with implicit

methods, as their force derivative contribution to the Jacobian
matrix of the system are simply computed as follows:
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Weight vectors are typically constructed using the linear
interpolation coefficients for defining the virtual locations on
which the forces are exerted in the lattice.

Among them, we use linear lattice springs of which can be used
to create a viscoelastic spring force (elasticity k and viscosity q)
between two points anywhere in the lattice volume, using a
behavior law defined as follows:
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We also use linear lattice attachments that attach any point of the
lattice volume to a particular position with a viscoelastic elastic
force, defined as follows:
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The rest position €, of any stiffener is precomputed from the
initial positions of the lattice nodes p,’ and the current skeleton
transformation matrix R (which has constant scale) as follows:
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Figure 4: Lattice stiffeners: A lattice attachment (left) and a
lattice spring (right), linking arbitrary locations in the lattice
(blue dots) through forces acting on the lattice nodes (red
arrows).

4)

Mechanical animation of the lattice

The nodes of the lattice are subject to the forces generated by all
lattice stiffeners of the mechanical model, and the whole lattice is
handled as a particle system. We integrate this system using
implicit integration based on the Inverse Euler steps. Widely used
in efficient mechanical cloth simulation methods [3] [19], this
method allows the robust resolution of any mechanical situations
with large constant time steps, including stiff models for almost
rigid hairs.

In our implementation, a dynamic matrix assembly process is
embedded in the Conjugate Gradient iterations [30], a solver well
suited for handling iteratively large sparse systems. This allows
more accuracy in the simulation by suppressing the need of
approximative linearization of the model [8], and brings better
simulation accuracy for large deformations along with huge
quality improvements in the simulated animations.

3. BUILDING THE HAIR MECHANICS

Using lattice stiffeners as building blocks, the mechanical
representation of the hair is a sum of several components:

- The hair mechanical model, which provides the lattice with a
mechanical behavior similar to the hair it contains, and models the
attachment of the hair to the skull as well. It is detailed in
Section 3.1.

- The ether, which defines the rest position of the lattice through
weak forces and ensures stability of the model, and may also



model additional external forces such as gravity and aerodynamic
effects. This is detailed in Section 3.2.

- The Collision effects against the body, which prevents hair
penetrating through the body skin. Their representation is detailed
in Section 3.3.

3.1. The Mechanical Model of the Hair

The mechanical model of the hair is defined as a sum of linear
viscoelastic lattice springs relating the elasticity of each individual
hair strand segment in the lattice model. Their viscoelastic
parameters correspond to those of the modeled hair. The
attachments of the hair extremities to the skull are modeled by
stiff viscoelastic lattice attachments, which are positioned exactly
at the end of each hair. The resulting mechanical model is shown
in Figure 6.

In order to reduce the complexity of the model, we resample each
hair during the model construction as segments defined by the
intersection points of the hair line on the lattice boundaries for
which the crossing angle is above 45°, as shown in Figure 5. This
limits the number of created lattice springs whatever the
discretization of the initial hair curve, as well as the number of
particles involved in each lattice springs.
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Figure 5: Construction of the lattice springs (green lines) of a
hair strand (yellow line) with the proposed rediscretization
(blue dots) on the lattice. The lattice nodes along the line (gray
dots) are affected.

Each hair also contributes to the mass of the lattice nodes, as
shown in Figure 6. The mass of a hair segment is shared on the
corresponding lattice nodes according to the linear interpolation
coefficients of its extremities. Nodes not involved in any hair
segment are trimmed away from the simulation.

Figure 6: From a hairstyle (left), the corresponding
mechanical model is built using lattice stiffeners (center), and
the mass of the hair strands is distributed on the lattice nodes

(right) (darker is heavier).

While this model makes a good approximation of the mechanical
behavior of the hair on the lattice model, its computation time is
still much too high because of the high number of hairs. We
therefore carry out a simplification of the model by decimating the
redundant lattice stiffeners (hair springs as well as skull
attachments), as shown in Figure 7. This simplification is carried
out by evaluating, for all couples of stiffeners sharing common
vertices, the "mechanical error" resulting from merging one of the
stiffeners to the other. Error and merging computations are based

dot product operations on the weight vectors, which evaluate the
"synergy" between stiffeners (their "parallelism" in the weight
space). The merging operations that minimize the error are carried
out until the expected number of stiffeners remain. We avoid
quadratic decimation search times by constructing the adequate
temporary data structures.

Figure 7: The decimation process: From the strands of the
hairstyle (up-left) is constructed the initial model (up-right)
containing roughly 14200 springs and 3600 attachments. The
model can then be decimated at will, for example 800 springs
and 200 attachments (down-left), or 200 springs and 50
attachments (down-right).

3.2. The Ether Model

While this properly gives an adequate behavior of the lattice
nodes inside the hairs, nodes surrounded by lattices empty of any
hair are quite underconstrained and may exhibit erratic behavior.
To limit this, we handle the whole lattice as an "ether medium"
that has its own stable behavior. Besides adding to all lattice
nodes an ether mass, we add viscoelastic ether forces relating each
node to its rest position defined by rigid head motion. They are
modeled as one-particle linear viscoelastic lattice attachments.
They have a weak constant elasticity parameter which pull back
each node to its equilibrium position, as well as a constant
viscosity parameter for limiting oscillatory behavior.

Besides limiting erratic behavior of the lattice nodes, adjusting
parameters of ether forces are a good way to control the global
stiffness of the hair design (for example simulating designs with
hair gel), as well as roughly simulating aerodynamic damping
effects. Ether forces are also the key factors for ensuring
robustness of a hair model which should return close to its initial
posture after whatever mechanical or not-so-mechanical body
motion.

The ether also supports additional external forces, such as
aerodynamic effects. Air drag and wind is simulated by our
system by assigning to each lattice node a viscous reactivity
parameter representing the drag created by the hair surrounding
this node. These factors are actually tensors which are
precomputed by distributing the anisotropic drag contributions of
each hair segment to the neighboring lattice nodes (similarly to
how the hair mass is distributed). Using a global viscosity
parameter q (air drag per unit hair length), the contribution tensor
Q of a hair segment €, which only creates drag perpendicularly to
the segment direction, is computed as follows:
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This aerodynamic model can successfully model the drag created
by airflow with very minor impact on the computation time. For
high wind situations, some additional wind speed perturbations
are welcome for simulating turbulence (Figure 8).

Figure 8: Turbulent air drag on the hairstyle.

3.3. Handling Collisions

Collision detection is usually one of the most tedious
computational tasks, particularly for time-critical applications
such as real-time simulations. In the case of hair animation, this
complexity results from the huge hair geometry as well as the
complex shape of the body surface.

Collisions between individual hair strands are not really an issue
when using volume deformations, as volume deformation
continuity of FFD preserves the local relative positions between
the deformed hair strands. The only issues may concern self-
intersection of the FFD lattice in case of huge deformations,
which in practice does not occur so as to produce disturbing
animation effects.

The real issue is actually the detection and response of collisions
between the hair and the body surface, which should prevent hair
from entering the skin surface of the body.

Traditional collision approaches would consider computing the
intersection between the hair geometry and the polygonal mesh
that describes the body surface, possibly using optimizations
based on bounding volumes, subdivision and incremental
evaluation, which in any case remains a tedious task. We
overcome this difficulty by replacing the body surface description
by an approximate model which defines a repulsion force exerted
on the lattice nodes from an analytically-defined volume energy
potential roughly describing the body volume. Unlike surface-
based approaches, such a scheme ensures robust collision
handling by pushing out even deeply penetrating points
unambiguously.

We have chosen 6th-order polynomial metaballs to perform this
modeling. Metaballs are widely-used primitives for implicit
surface modeling [5]. They have a well-defined finite radius of
influence and are good additive primitives for modeling full
volumes with adequate continuity properties, while evaluation of
their repulsion forces (gradient of their energy potential) can be
computed efficiently. 6th-order also offer null derivative
(Jacobian) on the metaball limit, offering suitable continuity
properties for use with implicit integration methods.

Yet, for real-time applications, we cannot afford to compute the
influence of more than a few metaballs for each lattice node.
However, an accurate model of the head and shoulders of a body
may require several tens of metaballs depending on the required
accuracy. Rather than working with a huge number of metaballs,
we have chosen to customize the parameters (radius and base
potential) of a reduced number of metaballs for each lattice node.
Hence, a given node "sees" its own custom modeling of the skin
with a suitable accuracy relatively to the relative position of the
node along the body skin (Figure 9).

Figure 9: Metaball centers and customized radii.
The customization scheme works as follows:

- If a lattice node is initially positioned outside the mesh, the
metaball radius is chosen so as to prevent it from coming nearer to
the mesh than a given "hair thickness" distance.

- If a lattice node is inside the mesh, the metaball radius is chosen
so as to prevent it from going further inside the mesh. We prefer
this option rather than completely blocking the node, in order to
allow better tangential sliding of the hair on the skin surface.

Experimentally, this approach has shown to prevent quite
successfully collisions from occurring against the body skin using
a very small number of metaballs. For instance, a typical skull can
be represented using one or two metaballs, whereas six to ten
metaballs would be required when the hair may touch the
shoulders and chest as well (Figure 10), depending on the wanted
collision accuracy. Its robustness also allows this method to cope
with any physical or not-so-physical head motions.

Figure 10: Using an initial hairstyle (left), a tilting head would
produce penetrating hairs (center) that is avoided through
collisions using metaballs centered at the red dots (right).

Metaball models do also nicely deform with simple displacement
of their centers. Metaballs representing the shoulders and upper
trunk are attached directly to the skeleton of these body parts
rather than to the head, and our method is therefore applicable for
deformable characters (Figure 11).

Figure 11: When turning the head, hairs react to the
shoulders properly.



4. LATTICE FFD FOR HAIR ANIMATION

As the lattice is deformed during animation, another issue is to
recompute the current position of each hair features for each
frame. Depending on the selected rendering techniques and
optimizations, these features may either be individual hair
segments, or larger primitives such as hair strips or groups.

Different kinds of interpolations allow this to be performed with
various degrees of continuity. They define how the weight
coefficients should be computed from the initial position of the
feature relatively to the undeformed lattice. A good review of
interpolation curves and surfaces is described in [11].

The most continuous interpolations are based on Bezier curves.
However, these are impractical as the weight vector is not sparse
(the interpolated point position depends on the positions of all the
nodes of the lattice), and therefore very inefficient to compute.
For the best compromise between continuity and computation
speed, we have selected quadratic B-Spline curves, which offer
second-order interpolation continuity. For 3D interpolation, each
interpolated point is a linear combination of the 27 nearest nodes
of the lattice. In our adaptation, we use linear extrapolation to
handle border nodes so as to decrease deformations for points
located outside the lattice (Figure 12).

In applications where interpolation is really time-critical, linear
interpolation still remains a good candidate. The resulting first-
order continuity still looks acceptable if the lattice deformations
are not too large, and the computation is roughly three times faster
as each interpolated point is only a linear combination of the 8
nearest lattice nodes.

In our hair interpolation scheme, we precompute and store for
each hair feature that needs to be rendered the sparse vector
containing the weights corresponding to all lattice nodes. Then,
during rendering, the current interpolation is simply computed by
a weighted sum of the current lattice node positions.
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Figure 12: Shape functions for linear interpolation (left) and
quadratic B-Spline interpolation (right) with linear
extrapolation, displayed for five lattice nodes (1D).

We can take advantage of the interpolation to enhance the
attachment of the hair on the skull through rigid motion. For each
interpolated feature, a deformation coefficient § is defined which
is a blending coefficient between the motion defined by the rigid
head motion (8 = and the motion defined by the interpolated
lattice position (8 ¥ 1lIn our implementation, we vary
progressively the deformation coefficient from 0 to 1 from the
root to the extremity of each hair according to the following
expression:

8:1—exp(7»2/120) (7)

Where A is the distance of a hair point from the root along the hair
curve. A, which is the "typical" hair length from the root that does
not deform significantly, acts as a parameter for defining the
bending stiffness of hair near its root (Figure 13). This also
removes the artifacts resulting from the imperfections of the
mechanical attachment of the hair roots to the moving skull.
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Figure 13: (left) The deformation coefficient plotted against
the distance along the hair from the root using Expression (7),
and (right) resulting hair deformation corresponding to a
head translation for various values of A, (From left to right:
No correction (hairs rooted at initial position), low length,
high length (moving roots to actual position)).

There are many other ways to alter the deformation coefficient on
different regions of the hair, for example for differentiating stiff
hairs from soft ones, or introducing some randomness in the
motion of various hair fibers.

S. RESULTS

We have implemented the computational algorithms of our system
in standard C++ with standard floating-point math. The system
was tested on a 3GHz Pentium4 PC with a nVIDIA Quadro4 980
XGL graphics card and 512MB of memory running Microsoft
Windows 2000.

Hair rendering is also critical issue for achieving realistic display
in real-time. The beauty of the hair mainly lies in the way it
interacts with the light. A good example of lightning model is
studied by Marschner et al [28]. Our implementation is mainly
based on real-time rendering of strands and textured strips [33]
using the anisotropic lightning model described by Kajiva et al
[20]. This model was implemented by bypassing the standard
OpenGL Texture & Lightning pipeline with our own illumination
model implemented using nVIDIA’s Vertex Shaders. We
integrate this rendering in a Level-of-Detail scheme by adapting
dynamically the number of rendered strands and strips according
to the required visual accuracy.

5.1. Performances

We have tested the hair model shown in Figure 8 with various
complexities of the mechanical representation. The high-end
mechanical model, which represents a very good simulation
accuracy, contains 200 attachments and 800 springs built on a grid
containing 1000 lattice nodes. The low-end model, still fairly
accurate, only contains 50 attachments and 200 springs built on
125 lattice nodes. Both models react to collisions with the head
and the shoulder collisions using 7 metaballs. Models with no
attachments and springs and no metaballs and relying only on
ether stiffness, which may still be used for certain hair designs
(short or stiff hair) or low accuracy requirements, are also tested
for comparison.

The following table gives the time necessary for the mechanical
computation of one frame (1/25s) of the animation. The
resolution of the implicit mechanical model uses 16 iterations of
the Conjugate Gradient method. More iterations may be necessary
for longer frame times or particular stiff hair models.

Table 1: Computation time (milliseconds) of one animation
frame using different mechanical model complexities and
lattice sizes.

Mech.Mod 0 Att. 0 Att. 50 Att. 100 Att. 200 Att.
--------- 0 Spr. 0 Spr. 200 Spr. 400 Spr. 800 Spr.
Lat.Size 0 Meta. 7 Meta. 7 Meta. 7 Meta. 7 Meta.

10x10x10 1.1 ms 52 ms 10.1 ms 13.8 ms 21.4 ms

5x5x5 0.1 ms 0.2 ms 2.1 ms 3.8 ms 7.6 ms




Our implementation also needs approximatively 2.5 ms for
interpolating 10 000 features using quadratic B-Spline FFD, and
only 1.0 ms using linear FFD. Adequate parametrization allows
most hairstyles to be mechanically simulated within 10
milliseconds for one frame, which is 1/4 of the 40 milliseconds
available (25 frames per second). This leaves 30 milliseconds for
carrying out the animation of the face, body and other features of
the scene, as well as rendering.

Figure 14: Various hairstyles animated by our real-time
simulation system.

For most models, rendering is now the most time-consuming task
of the whole real-time process. While the best rendering qualities
are obtained with our system through explicit rendering of the hair
strands with lighting and texture, this consumes between 50 and
100 milliseconds for about 10 000 strands. This is roughly the
performance obtained for the rendered hairstyles shown in
Figure 14. Better performance is obtained by reducing the number
of rendered features and using textured strips instead of hairs.
Rendering 500 textured strips roughly consumes 20 milliseconds
in our implementation.

Figure 15: Level-of-Detail: 200 ms for animating and
rendering a frame with high-accuracy (left), and 40 ms with
low-accuracy (right).

We have taken advantage of the huge performance difference
between models of various accuracies and rendering methods for
implementing a Level-of-Detail animates scheme that simulates a
given hairstyle by switching between several mechanical models
depending on the required accuracy (related to on-screen head
size and character motion speed). This allows total frame
computation times between roughly 200 milliseconds (10x10x10
lattice, model containing 1000 springs and 250 attachments,
10 000 rendered textured hair strands with quadratic interpolation,
textured body animation) and 40 milliseconds (5x5x5 lattice, 200
springs and 50 attachments, rendering 200 textured hair strips

with linear interpolation, low-quality body animation) (Figure 15).
Faster times may still be obtained is the hair is approximated as
rigid (lowest detail level).

5.2. Perspectives

The major benefit of this approach is its scalability, and its
versatility. First, the approach allows a clear distinction between
the mechanical model that animates the lattice and the actual
objects that are deformed by the lattice during the rendering. This
greatly eases the task of combining efficient simulation with
complex hair representations, as well as designing level-of-detail
schemes that can act independently on the mechanical simulation
aspect and on the rendering aspect. This high versatility also
allows the simulation of any hairstyle directly from the output of
hairstyle design system without any specific handling. Hence,
long flowing hair can be animated along with short and stiff hair
using the same models. It is quite easy to extend the model to
support extra original features (weighted hair knots, threads, and
even cloth) through the simple addition of the corresponding
mechanical behaviors in the particle system constituted by the
lattice nodes.

This method still has plenty of room for evolution. The
algorithmic simplicity of the model also turns it into a good
candidate for hardware implementations. We could also benefit
from the low number of mechanical degrees of freedom to
replacing mechanical simulation by fast animate-by-example
methods such as the one described by Grzezczuk et al [14]. We
also plan to take advantage of the versatility to create real-time
hairstyling systems based on mechanical simulation. We are still
looking forward for many new developments to the exciting field
of animated virtual characters.

Figure 16: Animating a large diversity of hairstyles.
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Figure 17: Easy simulation of real-world hairstyles.
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Abstract: We present a novel approach for modeling hair
using level-of-detail representations. The set of representations
include individual strands, hair clusters, and hair strips. They are
represented using subdivision curves or surfaces, and have the
same underlying base skeleton to maintain consistent high-level
physical behavior when a transition between different levels-of-
detail occurs. This framework supports automatic simplification of
dynamic simulation, collision detection, and graphical rendering
of animated hair. It also offers flexibility to balance between the
overall performance and visual quality, and can be used to model
and render different hairstyles. We have used these level-of-detail
representations to animate various hairstyles and obtained no-
ticeable performance improvement, with little loss in visual quality.

Keywords: Geometric Modeling, Hair Modeling, Level-of-Detail
Algorithms.

1 Introduction

The ability to model human features has become an essential aspect
of 3D graphics for modeling avatars in virtual environments, vir-
tual humans in computer games, and human characters in animated
films. A human head can have over 100, 000 individual strands of
hair. Animating hair in real-time is a challenging problem due to the
high number of primitives required to model hair accurately and re-
alistically. It is also difficult to achieve stable and robust simulation
of hair dynamics as well as interactions among the hair and between
the hair and the body for different types of hairstyles.

The current commercial renderers, such as Pixar’s RenderMan

and other proprietary software used in movies like Monsters, Inc.
and Final Fantasy, can generate beautiful and realistic appear-
ances for hair and fur. However, to the best of our knowledge, these
systems do not offer interactive performance for either animation
or rendering of hair. Modeling, styling, simulating and animating
hair remains a slow, tedious and often painful process for anima-
tors. A few existing real-time algorithms [Koh and Huang 2001] or
hardware accelerated rendering and shading [NVIDIA 2001], on the
other hand, often do not yield realistic hair renderings or are limited
to certain hairstyles (e.g. short, straight hair). One of the major
bottlenecks in achieving real-time simulation of moving hair is col-
lision detection among hairs and between the hair and the body. This
is often the dominating factor in terms of the overall computational
cost [Plante et al. 2001].
Main Contribution: In this paper, we present a novel, unified
framework for modeling hair based on level-of-detail (LOD) repre-
sentations. We use a series of subdivision surface patches [Schroder
and Zorin 1998] for modeling the least significant layers of hair,
hair clusters represented as subdivision surfaces of variable thick-
ness for modeling the intermediate layers, and subdivision curves
for simulating the most visible and highest-resolution individual hair
strands. Two hairstyles modeled and simulated using a combination
of these representations are shown in Fig. 1 and Fig. 2. Our algo-
rithm combines this set of LOD representations to simulate moving
hair, perform collision detection, and accelerate graphical render-
ing. It automatically switches between different approximations of
varying fidelity, depending on the user specified screen-space error
tolerance, viewing distance, visibility, hair motion and other appli-
cation dependent factors. Overall, our framework offers several ad-
vantages:

e Unified representations based on the subdivision framework
and the “base skeleton” representation;

Figure 1: Long, curly red hair blowing in the wind.

Figure 2: Short, wavy brown hair.

e Automatic simplification of both geometry and physics for
hair animation and rendering;

e Computational efficiency in the overall dynamic simulation,
collision detection, and graphical rendering;

o Flexibility in achieving the desired balance between simula-
tion speed and visual fidelity;

e Generality in terms of modeling many different types of hair:
short vs. long, straight vs. wavy, thin vs. thick, fine vs. coarse.

Using these level-of-detail representations for modeling hair, we
observed noticeable overall performance improvement with little
degradation in visual appearance of the simulation.

Organization: The rest of the paper is organized as follows. Section
2 gives a brief survey of related work. Section 3 describes the three
basic model representations of hair based on the subdivision frame-
work and the base skeleton. The dynamics model and our collision
detection algorithm using the LOD representations are described in
Section 4 and Section 5 respectively. In Section 6, we describe tech-
niques to render hair using the proposed level-of-detail representa-
tions. The criteria for automatically switching and selecting LOD
representations are outlined in Section 7. Section 8 highlights the



results of our implementation, and analyzes its performance. Fi-
nally, we suggest several areas for future work.

2 Related Work

Our work is built upon a large body of knowledge and concepts from
several different areas, including hair modeling, rendering and ani-
mation, multiresolution representations, and simulation acceleration
techniques. We synthesize together many key ideas from different
areas, improve upon several known algorithms for simulating and
rendering hair, and propose a new approach for hair modeling based
on the subdivision framework and the base skeleton.

2.1 Hair Modeling

Modeling hair has been an active area of research in computer
graphics and numerous approaches have been proposed to ad-
dress this problem [Magnenat-Thalmann et al. 2000; Hadap and
Magnenat-Thalmann 2001; Yu 2001; Kim and Neumann 2002].
Some fundamental techniques were presented to model the motion
of individual hair strands in [Anjyo et al. 1992; Kurihara et al. 1993;
Daldegan et al. 1993], with each strand of hair represented as a series
of connected line segments and the shape of the hair determined by
specifying the desired angles between segments. Forces are applied
to the control points of the line segments to simulate the hair mo-
tion. To reduce the overall computation time, strands of hair that are
near each other or move in a similar fashion, are bundled together
as a group or as a wisp [Kurihara et al. 1993]. Using a similar phi-
losophy, individual strands of hair are grouped together as “wisps”
for animating long hair, each modeled using a spring-mass skeleton
and a deformable envelope [Plante et al. 2001]. A similar approach
is used for interactive hairstyling [Chen et al. 1999; Xu and Yang
2001]. Adaptive guide hairs were used in [Chang et al. 2002] to add
more detail to overly interpolated regions. Using guide strands in-
volves animating a few strands and the dynamics of the remaining
strands are interpolated from these guides.

None of these techniques, though, can perform hair animation or
rendering in real-time. Recently, a thin shell volume [Kim and Neu-
mann 2000] and 2D strips [Koh and Huang 2000; Koh and Huang
2001] have been used to approximate groups of hair. Such tech-
niques enable real-time hair simulation. However, the resulting sim-
ulation lacks a realistic, voluminous appearance of the hair. Tech-
niques for real-time rendering of fur and hair that exploit graphics
hardware were presented in [Lengyel 2000; Lengyel et al. 2001;
NVIDIA 2001]. However, these techniques do not work well or are
not applicable for rendering long, wavy or curly hair.

2.2 Model Simplification

Model simplification algorithms, such as automatic generation
of geometric level-of-detail (LOD) representations and multi-
resolution modeling [Schroder and Zorin 1998] techniques, have
been proposed to accelerate the rendering of complex geometric
models. A recent survey on polygonal model simplification is pre-
sented in [Luebke 2001]. A generic framework for selecting and
switching between different geometric levels-of-detail (LODs) to at-
tain a nearly constant frame rate for interactive architectural walk-
throughs was introduced in [Funkhouser and Séquin 1993].

2.3 Simulation Level-of-Detail

The use of levels-of-detail has been extended to motion model-
ing and dynamic simulation as well. Simulation levels-of-detail
(SLOD) are used to simplify or approximate the dynamics in a
scene, similar to the way that geometric LODs are used to simplify
a complex model.

Carlson and Hodgins explored techniques for reducing the com-
putational cost of simulating groups of legged creatures when they
are less important to the viewer or to the action in the virtual world
[Carlson and Hodgins 1997]. In [Perbet and Cani 2001], levels-
of-detail, including 3D geometry, volumetric textures and 2D tex-
tures, are used to animate and render prairies in real-time. SLODs
have also been proposed for the automatic dynamics simplification
of particle systems [O’Brien et al. 2001].

Other types of simulation acceleration techniques, such as
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Figure 3: Basic Physics Models. (a) The base skeleton model; (b)
The parameters that define the style of hair.

view-dependent dynamics culling [Chenney and Forsyth 1997] and
Neuro-Animator [Grzeszczuk et al. 1998], have also been investi-
gated to reduce the total computational costs for simulating a large,
complex dynamical system.

3 Modd Representations

Our approach uses three novel representations based on the subdi-
vision framework and a base skeleton to create both discrete and
continuous levels-of-detail for hair. They are strips, clusters, and
individual strands.

3.1 Design Consideration

Although the set of proposed LOD representations may appear to
be intuitive and simple, it is carefully designed and chosen. We
have adapted the use of the subdivision framework. The subdivision
framework can model different hairstyles as effectively as NURBS,
quickly perform adaptive dynamic tessellation, and most of all can
potentially take advantages of new graphics hardware for interac-
tive rendering of curve primitives. (More detail will be given in
section 6.)

The use of the base skeleton is intentionally selected to main-
tain a global, consistent, macroscopic physical behavior, as LOD
switches take place. This choice helps to drastically simplify many
transition difficulties typically present during LOD switching. It au-
tomatically reduces a fairly high degree-of-freedom dynamical sys-
tem down to a lower degree-of-freedom dynamical system, without
any extra expensive computations other than performing the LOD
switching tests (to be described in section 7).

3.2 Subdivision Representations

Subdivision curves and surfaces have been chosen as the underlying
geometric representation for all LODs in our hair modeling frame-
work because of their scalability and uniformity of representation
[Schroder and Zorin 1998]. The subdivision process creates smooth
curves and surfaces through successively refining a curve or mesh of
control points. Defining the levels of successive refinement can con-
trol the smoothness of the resulting surface or curve. This is used to
generate adaptive, continuous LODs for rendering. A detailed dis-
cussion on the subdivision framework and techniques can be found
in [Schrdder and Zorin 1998].

Subdivision in 1D is used to create the curves that represent
hairs as individual strands, to be discussed in Sec. 3.6. The 4pt
scheme in 1D is an efficient method for creating a smooth curve.
For surface representations, we create a triangular base mesh and
subdivide. The control mesh for each of the three representations is
shown in Fig. 4(a)(c) and (e).

3.3 The Base Skeleton

Based on the idea for modeling each individual hair strand [Kuri-
hara et al. 1993], we use a similar structure for the base skeleton,
which forms the “core” of our proposed set of LOD representations.
The base skeleton is comprised of n control points, or nodes. This
value is decided automatically based on criteria such as the length of
the hair, the waviness or curliness specified for the hair, and the de-
sired smoothness. The skeleton is modeled as an open chain of line



segments that connect these nodes. Spring forces are used to con-
trol the angles between each node, while the distance between each
node is fixed. Fig. 3(a) shows the basic setup of the skeleton. The n
nodes (pg, P1;---,Pn—1) and n — 1 segments (s1, $2,...,8n—1)
define the skeleton. Specifying the shape of the skeleton model is
discussed in Sec. 3.8.

3.4 Strips

The strip model in Fig. 4(a) and (b) uses a single skeleton model
as its basis for motion. The structure for this model is inspired by
the strips representation presented by [Koh and Huang 2000; Koh
and Huang 2001]. The skeleton is the center of the strip and for
each node in the skeleton there are two control points that are used
to define the strip. These two strip control points and the skeleton
node point are collinear. A skeleton with n nodes will result in a
subdivision surface created from a control polygon consisting of 2n
control points.

A strip is typically used to represent the inner most layers of hair
or parts of hair that are not visible to the viewer and, therefore, are
often not rendered. It is the coarsest (lowest) level-of-detail used
for modeling hair. It is mainly used to maintain the global physical
behavior and the volume of the hair during the simulation.
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Figure 4: Level-of-Detail Representations for Hair Modeling. (a)
Subdivision representation of strip with skeleton; (b) Rendered strip; (c) Subdivision

representation of cluster with skeleton; (d) Rendered cluster; (€) Subdivision represen-
tation of a strand with skeleton; (f) Rendered individual strand.

3.5 Clusters

The clusters are represented as generalized cylinders created with
texture-mapped subdivision surfaces, as shown in Fig. 4(c) and (d).
Each cluster is based on one skeleton that is located at the center
of the cluster. A radius is specified at the top and the bottom of
each cluster. The radius is then linearly interpolated at each skeleton
node point; this allows the thickness to vary down the length of the
cluster. At each skeleton node, a circular cross-section, made up of
m control points, is created based on the radius value at that node.
Thus, a skeleton made up of n points will create a cluster of mn
control points. Typically having m=4 is enough detail to define the
cross-section.

A cluster is used to model the intermediate layers of hair and
often makes up the majority of the body of semi-visible hair. When-
ever appropriate, it is far less costly to represent a group of hair using
the cluster model, instead of a large number of individual strands.

3.6 Individual Strands

Each individual strand is modeled as a subdivision curve using 1D
subdivision with n control points, as shown in Fig. 4(e) and (f).
Most human heads have a few individual strands that are separate
from the body of their hair. These types of small imperfections are
usually only noticeable when viewing the hair closely. The ability

to see these individual strands is what makes this representation a
finer detailed model of hair than the clusters.

3.7 Generating LODs

In the model simplification literature, typically either static LODs
are generated offline for online switching, or dynamic LODs are
computed on the fly. In our current framework, a combination of
both static and dynamic LOD representations is used.

Continuous LOD representations are generated by the subdivi-
sion of curves and surfaces for fast rendering. Given the three basic
discrete LOD representations, a small number of individual strands
are grouped into clusters and a few hair clusters are combined to
form a hair strip. In our current implementation, for the ease of val-
idating the effectiveness of this framework, a predefined number is
used in the simulation. (Due to page limitation, more implemen-
tation detail is given at the project website.) However, this can be
modified to generate dynamic groupings of strands and clusters on
the fly. This is a non-trivial computation to perform in real-time,
considering the number of strands or clusters on a human head. It
is thus beyond the scope of this paper and we plan to investigate the
feasibility of this option in our future work.

We also use a hybrid representation, where only a single skele-
ton model is used to simulate physical behavior for a group of indi-
vidual strands, while individual strands are rendered. This is a fairly
popular technique used to generate high-quality animation. This is
used in some of our simulations to help further accelerate the overall
performance, while maintaining the overall visual quality.

3.8 Hairstyling

The skeleton controls the motion and the shape of each hair section
and is responsible for the overall style of the hair. Various shapes or
styles of hair can be specified by stipulating the rest angles 8o and
¢o (see Fig. 3) of each node 7 of the skeleton. Straight hair can be
created by assigning 6;0 to 0 and ¢;o to 0 for each node p; of the
skeleton. In addition, we can create a wavy hairstyle by zig-zagging
the position of the nodes down the length of the skeleton. A zigzag
or wavy skeleton is created by assigning each ;o to a certain angle
between 0 and 90 degrees and then the values of ¢;o alternate by
180 degrees. Ringlet or spiral curls can also be created using the
skeleton by specifying an angle value between 0 and 90 degrees for
0:0 and then, to achieve the spiral effect, each ¢;o value increments
by 90 degrees down the length of the skeleton.

These two processes for stipulating waves or curls can be altered
to create varying styles. The segment size and the values for ¢ can
be changed to create non-uniform curls and waves according to the
desires of the user.

Both the strands and the clusters are able to accurately depict the
shape defined by the user. While the strip representation gives better
visual results for straight hair, it can also be used to model wavy and
curly hair, but not in as fine a detail as the other two representations.
Strips are only used when the viewer cannot observe fine detail, such
as when the hair is at distances far from the viewer, or when the hair
is not in sight. Thus, while the strip cannot depict all hairstyles as
accurately as the other two LODs, it is not usually apparent to the
viewer. Criteria for choosing an LOD is discussed in further detail
in Sec. 7.

4 Dynamic Simulation

The use of the same underlying skeleton model for each hair rep-
resentation, i.e. strips, clusters, and individual strands, provides
a simple yet effective mechanism for switching between different
levels-of-detail. In this section, we describe the dynamic model of
the skeleton, and explain our hair simulation algorithm that uses a
combination of these three representations.

4.1 Basic Physics Model

The physics of motion for the base skeleton is similar to those de-
scribed in [Anjyo et al. 1992; Kurihara et al. 1993]. The forces
that are applied to each node point govern the motion of the skele-
ton. The force measured from the angular springs of the skeleton
model, Fspring, helps hold the specified hairstyle during the simu-



lation. F;__ .., force for the sth node of the skeleton, is calculated
by combining the forces for F;, and F;,.

Fi, = —ko(0; — 6i0),
F, = —kg(¢i — dio),

where kg and k, are angular spring constants and 8;0 and ¢;o are
initial angles for node 4.

Other forces that act on the hair are gravity, Fy,qvizy, external
forces, F..:, such as wind, and forces due to collision. We will
ignore the influence of collision forces on a node until Sec. 5. Sum-
ming the remaining forces together, we obtain a magnitude and di-
rection for the simulation force Fy;,,, applied to each skeleton node
p:, to be:

Fiyin = Fieor + F;

sim spring + Figmuity .

4.2 Transitioning between LODs

One of the most crucial aspects of using LODs in a simulation is
the ability to switch between different representations smoothly. In
order to avoid a sudden jump or popping in the graphical display,
it is necessary that the motion and positioning of the hair remain
consistent throughout the transition.

Since the motion of each LOD is based on the same underlying
skeleton model, we can use this formulation to move from one level
to another with little visual artifacts. When a switch is made, the
skeleton of the new level-of-detail inherits the dynamics state of the
skeleton of the previous level.

For example, if the current LOD is a strip, the algorithm re-
fines the hair model and makes a transition to multiple clusters. The
section of hair transitions from a model with one skeleton to one
with ¢ skeletons, where ¢ is the number of clusters represented by
one strip. Each cluster skeleton linearly interpolates position and
motion values from the strip skeleton based on the position of the
cluster skeleton’s root, or the first skeleton node, po, in relation to
the root of the strip skeleton.

The transitions are even more straightforward going in the re-
verse direction. As we move from multiple clusters back to a sin-
gle strip, the skeleton of the strip simply inherits the average posi-
tion and motion values of the cluster skeleton that the strip repre-
sents. Transitions between the clusters and individual strands are
performed in a similar manner.

By using these simplified representations together, our frame-
work automatically switches between different LODs of hair, sim-
plifying the dynamics of the hair as needed. Criterion for switching
between LOD:s is discussed in Sec. 7. A strip can model the largest
portion of hair and its simulation requires as little computation as a
single strand or a cluster of hair. When appropriate, strips are used
to accelerate the simulation of hair, while maintaining some high-
level behavior of the hair dynamics. Clusters are used in a similar
manner to accelerate the simulation.

5 Collision Detection

Collision detection is a vital part of hair simulation since hair is in
constant contact with the scalp of the head and other hairs. Due to
the high complexity of hair, this can be a costly computation and it
is crucial that the collision detection is performed efficiently.

5.1 Bounding Volume Hierarchy

There are many techniques known for collision detection. Some of
the commonly used algorithms for general models are based on the
use of bounding volume hierarchies (BVHSs). A tree of bounding
volumes (BVSs) is pre-computed offline to enclose sets of geometric
primitives, such as triangles. To perform collision detection using
BVHs, two objects are tested by recursively traversing their BVHs
[Larsen et al. 2000].

5.2 Swept Sphere Volumes
To perform collision detection on the different representations of
hair, we adapt the family of “swept sphere volumes” (SSV) [Larsen

et al. 2000] to surround the hair. SSVs are a family of bounding
volumes that correspond to a core skeleton grown outward by some

offset. The set of core skeletons may include a point, line, or n-gon.
We have chosen to use arbitrarily oriented rectangles, instead of n-
gons, as the most complex skeleton in our current framework. More
precisely, let C' be the core skeleton and .S be a sphere of radius .
Each SSV, B, can be defined as:

B=Co®S={c+r|lceC,resS}

SSVs are chosen as the bounding volumes in our framework,
because the shape of our LOD representations shares close resem-
blance to those of SSVs. Different SSVs provide varying tightness.
For clusters and strands, line swept spheres (LSS) are the best can-
didates for each segment, while rectangle swept spheres provide the
better fit for strips, and the point swept sphere for the head at the
top level. To detect a collision between a pair of SSVs we simply
perform a distance computation on the corresponding pair of core
skeletons and then subtract the appropriate offset (radius of each
SSV).

5.3 Constructing SSVs for Hair Representations

For each rigid segment of the skeleton model, that is, each line seg-
ment between two nodes, we pre-compute an SSV BV. Since each
representation of the hair can be tightly encapsulated using a single
SSV, a BVH is not necessary for the hair. For a skeleton with n
nodes, there are n — 1 segments, and thus n — 1 single SSVs. The
variable thickness of each segment defines the radius of the SSV
along its length.

In order to compute a BV for a strip, we let the four control
points of the strip that outline a skeletal segment define the area for
a BV to enclose. This is performed for each of the n — 1 segments
along the skeleton. The geometry of the strip is different from the
other two representations in that the strip is a surface while the clus-
ters and a collection of strands are volumes. In order to allow the
transition from a strip into multiple clusters remain faithful to the
volume of hair being depicted we create a BV for a strip section by
surrounding it with a box of certain thickness. Each strip is given
a thickness equal to that of its cluster and strand grouping counter-
parts. While the strip is rendered as a surface, it acts physically as
a volume. Thus, when a transition from a strip into clusters occurs,
the volume of hair being represented remains constant throughout
this process.

For the cluster representation, we create a BV around the 2m
control points that define a segment (m control points, as defined in
section 3.5, from the cross-section at the top of the segment and m
control points at the bottom of the segment).

For individual strands, we perform collision detection for each
strand or group of strands, depending on implementation, in a man-
ner similar to that of the clusters. We compute an LSS around the
skeleton that defines each segment with a radius defining the thick-
ness. The radius of each BV is varied based on the thickness of a
group of strands.

Once the BVs are computed for the hair we construct a BVH of
SSVs using a top-town hierarchy construction for the other objects
in the scene, head, body, etc., as a pre-computation. During the run-
time simulation, the single SSVs and the BVHSs are used to perform
collision queries, and are lazily updated on the fly. To detect a colli-
sion between a segment of hair and an outside object, the hair’s SSV
is tested against the BVH of the object. (Please refer to [Ward et al.
2003] for more detail.)

5.4 Collision Response

Since the same skeleton model is used for each representation,
whenever a collision is detected we calculate the response using the
same method for all of the representations. Once a collision between
the hair and the head, or other object, has been detected our algo-
rithm determines how much the segment of hair is penetrating the
head, the velocity of that segment of hair in the direction of the head
is set to zero, and the hair segment is moved so that it is outside of
the head. A frictional force in the direction tangent to the head is
also applied to each skeleton node when a segment of hair collides
with the head or bodly.



During the simulation, segments of hair are in constant contact
with other segments of hair. Since we do not want to perform a col-
lision detection test on a hair segment against all of the remaining
segments of hair, the area around the head is spatially decomposed
or broken into three-dimensional grids. Each segment of hair is in-
serted into the grids and only hair segments that fall into the same
grid are tested against each other. Segments of hair are tested against
each other for collision by performing an intersection test on their
SSVs.

If two hair segments intersect with each other, they need to be
moved apart. The SSV overlap test determines the distance the
skeleton segments are from each other in addition to testing for col-
lisions. We then use this calculated distance as the amount to move
the intersecting segments apart.

Further detail on the hair collision detection and collision re-
sponse algorithms, including exact methods for determining re-
sponse magnitudes and directions for hair-object and hair-hair col-
lisions and calculating frictional forces, can be found in [Ward et al.
2003].

6 Rendering

In our system, a mixed model of discrete and continuous geomet-
ric LODs is used to render the hair representations as described in
section 3. We adapted the shading model suggested by [Kajiya and
Kay 1989], to capture the anisotropic nature of hair. An efficient im-
plementation of anisotropic surface rendering is performed using an
OpenGL texture matrix, as appears in [Heidrich and Seidel 1998].
The rendering of the subdivision surfaces that are used for clusters
and strips are assigned two additional textures. The first texture con-
tains the hair color information. It is created as a pre-process from
the same color range that assigns color values to the strands. The
next texture used on the surfaces contains alpha values that define
the transparency of the surfaces [Koh00]. Alpha mapping is used to
create the illusion that there are individual strands being rendered.
The anisotropic lighting, the hair color, and the alpha textures for
the surfaces are rendered in a single pass using multi-texturing.

Self-shadowing is a vital factor to increase the volumetric cue of
the hair. We use opacity shadow maps [Kim and Neumann 2001],
which are a fast approximation of deep shadow maps.

Aliasing is an innate problem of hair rendering, because each
hair strand is too thin to occupy a single pixel. Fortunately it is
not as major of a problem for high LOD representations like the
clusters and strips, as it is for strands. We rely on graphics hard-
ware for antialiasing. NVIDIA GeForce family provides hardware
implemented high resolution antialiasing through multi-sampling
[NVIDIA 2002]. We select 4-sample 9-tab multi-sample mode -
the highest quality available to us, because various multi-sampling
modes provided by the graphics hardware does not affect overall
performance of our system. In order to render the simulated hairs
with motion blur, we adapt the technique presented by [Haeberli and
Akeley 1990]. The current image is rendered into the accumulation
buffer so that it can be integrated with previous images. Using the
accumulation buffer also reduces the aliasing of individual strands.

Switching between different LODs can introduce visual distur-
bances. To address this problem, we combine several methods. By
using the alpha channel in the textures for clusters and strips we add
the visual illusion of strands, making the LOD transition less no-
ticeable. The density values necessary for the opacity shadow map
computations for the clusters and strips are based on the number
of strands they represent. This helps to keep the brightness of the
shadows constant. We also blend the images of previous and current
LODs to make transitions smoother.

7 Choosing Hair Representations
Given the three representations for a section of hair, a single repre-
sentation for modeling and simulating that section is computed on
the basis of several criteria. We have used the following components
in our current implementation:

o Visibility

e Viewing distance

o Hair motion

7.1 Visibility

If a viewer cannot see a section of hair, that section does not need
to be simulated or rendered at its highest resolution. The viewer
cannot see hair if it is not in the field of view of the camera or if it is
completely occluded by the head or other objects in the scene.

If a section of hair in strand representation is normally simu-
lated using g number of skeletons but is occluded by other objects,
we simulate that section of hair using one larger strip, and therefore,
one skeleton. When that section of hair comes back into view, it
is important that the placement and action of the hair are consistent
with the case when no levels-of-detail are used at all, therefore we
continue to simulate it. In addition, when a hair section is occluded,
it does not need to be rendered at all. Therefore, when a section of
hair is occluded, we simulate the hair that might normally be repre-
sented as either clusters or strands as strips that use fewer skeletons
and these sections are not rendered.

In our current implementation, we perform a simple occlusion
test that involves fitting a sphere to the head so that it is slightly
smaller than the head. If there are other objects in the scene, such as
a body, a similar method is applied. We then test the SSV bounding
volumes of the hair to see if they are visible from the camera or if
the occluders occlude them. It is possible to use more sophisticated
occlusion culling algorithms, such as [Zhang et al. 1997], or special
features on new GPUs (e.g. NVidia NV30) to perform these tests
more efficiently.

7.2 Viewing Distance

Hair that is far from the viewer cannot be seen in great detail. We
can estimate the amount of detail that will be seen by the viewer by
computing the screen space area that the hair covers. As the distance
from the viewer to the hair increases, the amount of pixels covered
by the hair gets smaller and less detail is viewable. We can calculate
the amount of pixels covered by the hair to choose the appropriate
LOD.

A single strip, a group of ¢ clusters, or a group of g strands rep-
resent a given portion of hair. Each is designed to cover a similar
amount of world space, thus we can use the control skeleton of the
strip as an estimate to the amount of screen space area a given hair
section occupies. To determine the screen coverage of this hair, we
create a line from the first skeleton node to the last skeleton node
and project this line into screen space. If the amount of screen space
covered by this line exceeds the pre-determined maximum allow-
able size for a strip, then the given hair section will be rendered as
a cluster. Similarly, if the amount of screen space covered by the
line exceeds the maximum allowable size for a cluster, then it will
be rendered as individual strands. The pre-determined maximum al-
lowable size for each LOD is decided experimentally based on the
viewer’s preference.

7.3 Hair Motion

If the hair is not moving at all, then a large amount of computa-
tion is not needed to animate it and we can use a lower level-of-
detail. When the avatar makes sudden movements, e.g. shaking his
or her head, or a large gust of wind blows through the hair, a higher-
detailed simulation is used. When a large force is applied to the hair,
such as wind, often individual strands can be seen even by a person
who is normally too far away to see individual strands of hair that
are not in motion.

We choose the particular LOD based on hair motion by first de-
termining the skeleton node in the current representation that has
the strongest force acting on it. This value is compared to certain
thresholds defined for strands or clusters. If the force acting on the
skeleton is not high enough to be represented as either strands or
clusters, then the hair can be modeled as a strip.

7.4 Combining Criteria

At any given time during a simulation, a head of hair is represented
by multiple LODs. Each section of hair uses its own parameter val-
ues to trigger a transition. The sections of hair that have a root lo-
cation at the top of the head, and therefore more viewable, remain
at the individual strands level longer than the sections of hair that



are located at the base of the neck. Thus, even if these two sections
are at the same distance from the camera and have the same motion,
it is more important that the top layer be represented as individual
strands instead of clusters, since it is in direct view. When deter-
mining an appropriate LOD to use, we first test that section of hair
for occlusion. If the hair is not visible to the viewer then we auto-
matically simulate it as a strip and do not render it. In this case, no
other transition tests are needed. If the section of hair is visible, we
perform the motion and distance tests described above. The LOD
representation is chosen based on whichever of these two tests re-
quires higher detail. The use of different representations for the hair
is virtually unnoticeable to the viewer.

8 Resultsand Comparisons

We have implemented our automated simplification algorithm for
hair modeling in C++. We modified and extended the publically
available proximity query package, PQP [Larsen et al. 2000], to per-
form collision detection. The simulation results are displayed using
OpenGL.

8.1 Implementation Issues

In order to speedup the LOD transitions at runtime, many compo-
nents are precomputed. An interactive hairstyling tool was created
to allow the user to place the skeletons on the head at the desired lo-
cations. The styling tool also lets the user set parameters for curly or
wavy hair automatically by setting the angles that control the degree
of the curl or wave, respectively. The size (length, width, radius,
etc.) of each representation is also set using this styling tool.

We also precompute the corresponding BV for each representa-
tion of hair to be used for collision detection. Therefore, during an
LOD transition, the only values that need to be updated are the posi-
tions of the skeleton nodes. Moreover, we use a simplified represen-
tation of the head model in performing collision detection between
the head and the hair in our simulation.

8.2 Performance Comparisons

We have tested our implementation on various scenarios. Please
visit our project website:

http://gamma.cs.unc.edu/HSLOD

for MPEGs of these simulation runs and for a sequence of snapshots
taken from a hair simulation using our LOD representations.

We also compared the performance for the overall dynamic sim-
ulation (not including collision detection) and collision detection us-
ing different representations on various simulation scenarios. Ta-
ble 1 gives a detailed comparison of the average running times
using a combination of LOD representations (indicated as LODs)
against the use of only one of the three discrete LOD representations
(Strands, Clusters, and Strips). Fig. 5 shows the runtime comparison
of the simulation performance over the entire duration, as the cam-
era zooms out, increasing the distance to the viewer. The rendering
performance is similar to that of the simulation. The basis for our
comparisons uses the average timings for the strand simulation as
the value 1 on the graph.

For this benchmark, we used 8045 individual strands, which
were represented using only 173 strips or only 519 clusters. In these
benchmarks, a combination of all three discrete LOD representa-
tions was automatically determined by our framework at any given
time during the simulations. Timings were taken on a PC equipped
with an Intel(R) Pentium(R) 4 2-GHz processor, 1 GB main mem-
ory and GeForce(R) 4 graphics card.

Strips provide the best overall performance in simulation time,
since it is the coarsest (lowest) LOD of hair. But, a combination of
three discrete LOD representations using our framework offers sig-
nificant performance advantages over the use of individual strands
alone. Note there are also implicitly continuous LOD representa-
tions used in our system with the subdivision framework. While it
renders images of almost equal visual quality as that of individual
strands, our LOD implementation gives much better timing perfor-
mances than modeling with individual strands in simulation, colli-
sion detection, as well as rendering.

[ Breakdown [ LODs [ Strands | Clusters | Strips |

Dyn Sim 0.0175 | 0.5834 0.0298 0.00592
Col Detect | 0.0567 | 2.1934 0.1297 0.01896
Total 0.0742 | 2.7768 0.1595 0.02488

Table 1: Performance Comparison. Smulation for a camera zooming ou.
The average performance numbers are measured in seconds per frame.
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Figure 5: Simulation Performance Comparison. We show the factors of
speed-up among LOD, strips, and clusters over the strands alone, which is the baseline
for comparison. The simulation speed of our system consistently outperforms the indi-
vidual strands. It quickly outperforms the use of clusters alone, as the camera startsto
zoom out. Then, soon after a certain distance threshold, it performs comparably to the
use of stripsalone.

8.3 Analysis and Discussion

The impetus of this research is to explore the use of level-of-detail
representations for modeling hair to automatically generate its ag-
gregate behavior, while preserving the visual fidelity of the overall
simulation. Itis difficult to meaningfully quantify the computational
errors introduced by the use of simplified representations for mod-
eling hair. However, we can subjectively evaluate the resulting sim-
ulation by performing comparison on the visual quality of rendered
images.

Using side-by-side comparison (see the project website), we no-

tice little degradation in the visual quality of the rendered image us-
ing LODs. While they offer the best computational performance, the
images of hair simulated by strips appear sharp and angular, lacking
arealistic appearance. The performance of our framework varies de-
pending on the scenarios. In general, its overall performance in sim-
ulation and rendering compares favorably against the use of strands,
clusters or strips alone. However, our approach can automatically
place the computing resources at places where the hair is most visi-
ble to the viewer, and thus offer a much higher visual quality for the
resulting simulation.
Limitations: One possible limitation of our algorithm is the slight
popping that can occur if aggressive LOD transitions are used. How-
ever, we have alleviated this visual artifact with motion blurring and
image blending during the LOD transition in our system.

Occlusion culling is an active and challenging area of research.
To perform occlusion culling for hair rendering presents many more
new challenges, as the hair can self occlude, but each strand, clus-
ter or strip is rather small in size yet in aggregation its capability to
occlude the rest of the hair can be significant. Our current imple-
mentation only has simple object-hair occlusion tests to validate the
basic idea. However, we have already observed some performance
gain using occlusion culling. We plan to investigate more sophisti-
cated techniques, including the use of new graphics hardware, in the
near future.

One of the foremost difficulties in hair simulation is to achieve
stability for all types of hairstyles, lengths and interactions. We have
implemented Runge-Kutter of order 4 for numerical integration. We
are currently investigating the use of implicit methods.

In order to achieve high rendering rates, we are only perform-
ing two-pass refinement in our current implementation of opacity
shadow maps. For better rendered images, more passes are required



[Kim and Neumann 2001]. We plan to develop a nicer interface to
allow the users to trade off speed for higher-quality rendering and
vice versa.

There are other application dependent transition criteria, such
as collision, that we have not examined closely. These factors can
further contribute to improving the overall system performance.

8.4 Comparisons Against Other Approaches

A multiresolution technique for hairstyling is presented in [Kim and
Neumann 2002]. They only use groups of strands of different sizes.
They have not applied this approach to hair simulation. The switch-
ing is directly controlled by the user, while ours offers the capability
of automatic switching. To apply this technique to hair simulation
requires dynamic grouping on the fly. This is very difficult to per-
form given the number of strands.

Techniques that use interpolation from guide strands, such as
[Chang et al. 2002], can be limiting in the types of hairstyles that
can be modeled as well as interaction capabilities. Furthermore,
their simulations run at slower rates than ours [Yu 2002].

Our approach compares favorably to those using only cluster-
like representations (e.g. wisps or generalized cylinders) [Chen et al.
1999; Kurihara et al. 1993; Xu and Yang 2001; Plante et al. 2001],
as we can achieve similar visual quality with faster rendering rates.

The real-time animation techniques [Koh and Huang 2000; Koh
and Huang 2001; Lengyel 2000; Lengyel et al. 2001; NVIDIA
2001] and those commonly found in video games are either lim-
ited to certain hairstyles (mostly short, straight hair) or the resulting
image quality is inferior to ours.

9 Summary and Future Work

In this paper, we present the use of levels-of-detail for modeling
hair to accelerate dynamics computation, simplify collision detec-
tion and reduce rendering costs. In addition to potential areas of
improvements mentioned in the earlier sections, there are several
possible directions to extend this research:

o Interactively modify the dynamics of the hair in the presence
of other substances, such as water, styling gel, hair spray, etc.;

e Dynamically change the hairstyle, as the user combs or
brushes the hair with a 3D user interface;

e Automatically generate desired simulation outcomes, given
high-level user guidance.
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Abstract

We present a novel approach for adaptively grouping and
subdividing hair using discrete level-of-detail (LOD) repre-
sentations. The set of discrete LODs include hair strands,
clusters and strips. Their dynamic behavior is controlled
by a base skeleton. The base skeletons are subdivided and
grouped to form clustering hierarchies using a quad-tree
data structure during the precomputation. At run time,
our algorithm traverses the hierarchy to create continuous
LODs on the fly and chooses both the appropriate discrete
and continuous hair LOD representations based on the mo-
tion, the visibility, and the viewing distance of the hair from
the viewer. Our collision detection for hair represented by
the proposed LODs relies on a family of “swept sphere vol-
umes” for fast and accurate intersection computations. We
also use an implicit integration method to achieve simula-
tion stability while allowing us to take large time steps. To-
gether, these approaches for hair simulation and collision
detection offer the flexibility to balance between the over-
all performance and visual quality of the animated hair.
Furthermore, our approach is capable of modeling various
styles, lengths, and motion of hair.

1 Introduction

Modeling and animating human characters present some
of the most difficult problems in computer graphics. Simu-
lating natural hair movement is crucial to generating realis-
tic appearances of animated characters. Real-time applica-
tions, such as virtual environments and game development,
pose additional computational challenges for modeling the
dynamics and mutual interactions of human hair at inter-
active rates. Such challenges primarily stem from the high
number of hair strands required to model a human character
and the resulting complexity of mutual interactions among
many nonrigid hair strands. In addition to modeling vir-
tual humans, the techniques used to simulate complex in-
teractions among many deformable strands can also be ap-

Figure 1. Dynamic Simulation of Long Hair Using
Adaptive Grouping and Subdivision of Hair Strands,
Hair Clusters, and Hair Strips.

plied to modeling the motion of long animal hair and manes,
brushes, bristles, strings, and other synthetic fibers.

Main Contribution: Herein we present a novel approach to
adaptively subdivide and group hair modeled using discrete
and continuous level-of-detail (LOD) representations. The
set of discrete LOD representations include hair strands,
clusters, and strips represented by subdivision curves, sub-
division swept volumes, and subdivision patches, respec-
tively [24]. Each representation has a base skeleton used
to simulate the hair dynamics, which aids in switching
between different LOD representations during the simula-
tion [24]. To accelerate the simulation performance even
more while achieving higher visual quality, we precompute
a clustering hierarchy using the quad-tree data structure,
which generates continuous LODs on the fly, based on the
root location of each skeleton. At runtime, our algorithm
selects both the appropriate continuous and discrete LOD
representations based on the viewing distance, the motion
and the visibility of the hair. Complementing the continu-
ous LOD representations generated by the dynamic group-
ing and subdivision of hair, we use a collision detection al-



gorithm based on a family of swept sphere volumes and
an implicit integration method to achieve greater stability
while allowing the simulation to take larger time steps. The
resulting method has the following characteristics:

e It can smoothly and dynamically switch between any
hair LOD representations, as opposed to transitioning
between discrete hair representations [24].

e It can incorporate any switching criteria (e.g. the view-
ing distance, the visibility, the motion of hair) to auto-
matically group and subdivide hair representations and
seamlessly control continuous LOD generation.

e It can balance between the visual quality and the per-
formance of the overall dynamic simulation.

e It can be applied to simulate mutual hair interactions
for various hairstyles of different thickness, weight,
and strength.

We demonstrate our algorithm on several simulation sce-

narios, including hair braiding, hair shaking abruptly, hair
brushing against a complex wrinkled torus, and hair blow-
ing in the wind. We observed noticeable performance im-
provement with higher visual quality, as compared to earlier
techniques, such as [24].
Organization: The rest of the paper is organized as fol-
lows. Sec. 2 sets forth a synopsis of related work. Sec. 3 de-
scribes the three discrete representations of hair upon which
this work is based. We present our method on constructing
clustering hierarchies for hair strands, hair clusters, and hair
patches in Sec. 4. The collision detection method and the
dynamics model for simulating hair movement and interac-
tions are described in Sec. 5. The criteria for performing
automatic subdivision and grouping of hair representations
on the fly are outlined in Sec. 6. Sec. 7 describes the results
of our prototype implementation and compares its perfor-
mance against earlier techniques.

2 Reated Work

In this section, we briefly survey prior research in hair
modeling and simulation levels of detail.

2.1 Hair Modeling

Modeling hair has been an active area of research in
computer graphics and numerous approaches have been
proposed to address the problem it presents [7, 11, 19,
26]. Some fundamental techniques have been presented to
model the motion of individual hair strands in [1, 6, 14] in
which each hair strand was represented as a series of con-
nected line segments and the shape of the hair was deter-
mined by specifying the desired angles between segments.
To reduce the overall computation time, strands of hair that

are near each other or move in a similar fashion are bun-
dled together as a group or as a wisp [14]. Using a sim-
ilar philosophy, individual strands of hair are grouped to-
gether as wisps for animating long hair, each modeled us-
ing a spring-mass skeleton and a deformable envelope [23].
A similar approach has been used for interactive hairstyling
[5, 25]. Another approach, as evidenced in [4], has been to
use adaptive guide hairs to add more detail to overly inter-
polated regions.

None of these techniques however, can perform hair ani-
mation or rendering in real-time. Recently, a thin shell vol-
ume [9] and 2D strips [12, 13] have been used to approxi-
mate groups of hair. Such techniques enable real-time hair
simulation. However, the resulting simulation lacks a realis-
tic voluminous appearance of the hair. Techniques for real-
time rendering of fur and hair that exploit graphics hardware
were presented in [16, 17, 20]. The foregoing techniques,
however, do not work well or are not applicable for render-
ing long, wavy or curly hair.

2.2 Simulation Levels of Detail

Model simplification has been an active research area
and many algorithms have been proposed to accelerate
graphical rendering of complex environments. Similar ap-
proaches have also been suggested to accelerate dynamic
simulations for complex systems. A survey on geometric
and simulation levels of detail can be found in [18] and [24],
respectively. Our work bears some resemblance to the ap-
proach proposed by [21] for simplifying dynamics of par-
ticle systems using clustering. However, our approach for
generating continuous LODs of hair modeled using a com-
bination of hair strands, clusters and strips is quite different
and the switching between different LODs is far more com-
plex. Recently, the work of [3] has used the notion of con-
tinuous LODs for hair simulation in order to achieve faster
simulation results. While our work employs similar tech-
niques as [3], we use different splitting and grouping meth-
ods and couple the continuous LODs with discrete LODs to
acheive faster rendering and simulation results.

3 Preiminaries

Our approach is built upon the use of three discrete LOD
representations for hair that utilize the subdivision frame-
work and a base skeleton [24]. The three LOD represen-
tations are texture-mapped individual strands, clusters and
strips. They are represented by subdivision curves, subdi-
vision swept volume and subdivision patches, respectively.
They are tessellated on the fly to further generate adaptive,
continuous LODs for rendering only. Fig. 2 shows the ren-
dered images of each LOD representation.

We model each skeleton as a series of rigid line seg-
ments connected by node points. Fig. 3 shows the lay-
out of a skeleton. A skeleton contains n node points,
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Figure 2. Three Discrete LODs for Hair. (a) Hair
Strip (b) Hair Cluster (c) Hair Strand.

Pﬂ\“}\

(a) (b)

Figure 3. (a) The base skeleton model; (b) The parame-
ters that define the style of hair.

(po,p1,---,pn—1) and n — 1 rigid line segments between
the points (s1, s2,...,8,—1). Springs are used to control
the angles between each line segment. The resting style of
a skeleton is specified by assigning the desired rest angle
positions to 6y and ¢q. In this paper, we have extended
the foregoing approach [24] by adaptively subdividing and
grouping hair strands, clusters and strips, to generate contin-
uous LODs for simulating complex hair motion and mutual
interactions.

4 Construction of Hair Hierarchy

Our LOD algorithm uses the continual subdivision of
strand groups, clusters, and strips in order to attain varying
detail based on the current simulation state. The subdivision
is performed as a pre-process and the information is stored
for retrieval during runtime. As the subdivision of a hair
group is performed, more skeletons are added to the system,
creating a more detailed simulation. Our strand group hier-
archy is built in a top-down manner creating smaller groups
of strands until we reach the limit of a single strand in a

group. Likewise, the hierarchies of clusters are built from
top to bottom, as are the strip hierarchies.

We couple the strand group hierarchies with the cluster
and strip hierarchies to attain both discrete and continuous
LOD representations. This hair representation hierarchy is
illustrated in Fig. 4. Assumed to be given at the initial
setup, the root strip in the strip hierarchy is the coarsest
representation for an assemblage of hair. In order to gain
more detail we traverse down the strip tree until we reach
its leaves. For more detail, a finest LOD strip representation
transforms into the coarsest LOD cluster representation, or
the root cluster in the cluster hierarchy. Similarly, to attain
even more detail we traverse down the cluster hierarchy un-
til we reach the leaves of the cluster tree. At this point, the
cluster representations are replaced by the top-level strand
groups of the strand group hierarchies. To attain the finest
detailed simulation possible, we traverse to the leaves of the
strand group trees, which contain individual strands.

The next sections explain our subdivision process and
hierarchy building mechanisms starting with the creation of
strip and cluster hierarchies.

A Strip Hierarchy
A Cluster Hierarchy
A Strand Group

Hierarchy

Figure 4. Hair Hierarchy. One hair hierarchy consists
of a single strip hierarchy, multiple cluster hierarchies and
multiple strand group hierarchies. The coarsest hair repre-
sentations are located in the strip hierarchy at the top of the
overall hair hierarchy. Note: The number of hierarchies, or
children per node, within a hair hierarchy fluctuates.

4.1 Strip and Cluster Subdivision

Before we can build a hierarchy of strips or clusters, we
must first create the initial top-level strip. A top-level strip
is created by choosing a location on the scalp for the origin
of the skeleton (the first node point of the skeleton). Next,
a user-defined width is specified controlling the thickness
of the strip. Hairstyle specific information is then declared,
defining the length of the hair, the number of control points
of the skeleton, and the desired curls or waves down the
length of the skeleton.

Because the strip is a two-dimensional surface, we re-
strict its subdivision such that it may only be split into two
equal parts. Strip subdivision is simply the degenerate case
to cluster or strand group subdivision, using a degenerate
quad-tree, or a binary tree, instead of the quad-tree data
structure that is used for cluster and strand group hierar-
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Figure 5. Strand group subdivision. The subdivision process of a strand group into multiple strand groups. (a) The cross-
section of a single strand group. (b) Strand group is divided into 4 equal quadrants and the strands are separated by the quadrant
in which they lie (designated by different shades). (c) Circular cross-section is fit around each quadrant, or child, of original strand
grouping. (d) Four new strand groups are created which are children of the original strand group. (e) Continual subdivision process
is repeated on each child. Tinted squares show empty quadrants that contain no strands, these quadrants are set to null.

chies. The subdivision ends once the width of the current
strip is below a user-defined threshold.

For cluster subdivision, we start with a circular cross-
section that defines the cluster. This circular cross-section
is then split into four equal parts. The four sub-clusters have
the same radius value but represent four different quadrants
of the original cluster. The subdivision of a cluster always
results in four children, so its information is held in a quad-
tree. Clusters stop subdividing once their radius is below a
user-defined threshold value. At this point, further detail is
created in the strand group hierarchies.

4.2 Strand Group Subdivision

A strand group is defined by a single skeleton, a radius
to define the circular cross-section of the group, and the in-
dividual strands of hair for rendering purposes. A strand
group cross-section is illustrated in Fig. 5a. The individual
hair strands are randomly placed within the group and fol-
low the dynamics of the skeleton. The circular shape of the
strand groups is used for its simplicity in collision detection,
explained in Sec. 5.

We use a quad-tree data structure to contain the hierar-
chy information. It follows therefore, that each strand group
is split into four equal sections, as shown in Fig. 5b. The
subdivision of a strand group into four sections creates the
tightest fitting circular cross-section possible for each sub-
group, as in Fig. 5¢ and Fig. 5d.

Once we have divided the strand group, we then calcu-
late the number of strands in each quadrant. If a quadrant
has no strands within its boundaries then the child associ-
ated with that quadrant is set to null (see Fig. 5¢). A strand
group will have between zero and four children. A strand
group that contains only one strand will have zero children
and becomes a leaf in the tree.

The final strand hierarchy is depicted in Fig. 6. Each
node in the hierarchy contains a strand group, which in-
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Figure 6. Strand group hierarchy. Subdivision
process creates a quad-tree containing strand group infor-
mation. Strand group hierarchy can extend to individual
strands.

cludes its skeleton and the hair geometry used for the fi-
nal rendering stage. In addition, each strand group, as well
as each cluster and strip, holds its n — 1 bounding volumes
used for collision detection, where n is the number of nodes
in the skeleton. The creation of these bounding volumes is
described in Sec. 5.

Each skeleton contains the same number of control
points as its parent hair group, which aids in dynamically
switching between different levels, described in Sec. 6.

5 Coallision Detection and Response

Collision detection and response is usually the most time
consuming process for the overall simulation. We have sep-
arated our collision algorithm into two parts: object-hair
collision detection, which occurs when hair interacts with
an outside object like the head, and hair-hair collision de-
tection, which involves hair mutual interactions.



5.1 Swept Sphere Volumes

Many techniques have been introduced for collision de-
tection. Common practices have used bounding volumes
(BVs) as a method to encapsulate a complex object within
a simpler approximation of said object.

We have chosen the family of “swept sphere volumes”
(SSVs) [15] to surround the hair. SSVs comprise a family
of bounding volumes defined by a core skeleton grown out-
ward by some offset. The set of core skeletons may include
apoint, line, or ngon. Fig. 7 shows examples of some SSVs.
To calculate an SSV, let C denote the core skeleton and S
be a sphere of radius r, the resulting SSV is defined as:

B=Cq®S={c+rlceCreS}

(a) (b) (c)
Figure 7. A Family of Swept Sphere Volumes.
(a) Point swept sphere (PSS); (b) Line swept sphere (LSS);
(c) Rectangle swept sphere (RSS). The core skeleton is
shown as a bold line or point.

To detect an intersection between a pair of arbitrary
SSVs we simply perform a distance test between their cor-
responding core skeletons and then subtract the appropriate
offsets, i.e. the radius of each SSV.

5.2 Swept Sphere Volumes for Hair

We utilize the family of SSVs to encapsulate the hair be-
cause the shape of the SSVs closely matches the geometry
of our hair representations. The SSVs that correspond to
our three geometric representations for hair are line swept
spheres (LSSs) for the strands and cluster levels, and rectan-
gular swept spheres (RSSs) for the strip level. These SSVs
can be used in combination to detect collisions between dif-
ferent representations of hair.

A skeleton containing n control points will containn — 1
SSVs. These SSVs correspond to the n — 1 rigid line seg-
ments contained in the skeleton, see Fig. 3. The rigid line
segment is used as the core skeleton of the LSS and the ra-
dius of the SSV is determined from the thickness of the hair
representation.

5.3 Hair-Hair Interactions

Because hair is in constant contact with surrounding hair,
interactions among hair are important to capture. The typi-
cal human head has thousands of hairs. Consequently, test-

ing the n — 1 sections of each hair group against the remain-
ing sections of hair would be too overwhelming for the sim-
ulation. Instead, we spatially decompose the area around
the hair into three-dimensional grids and insert each SSV of
the hair into the grids. Only SSVs that fall into the same
grid are tested against each other. The average length of the
rigid line segments of the skeletons is used as the height,
width, and depth of each grid cell.

For each pair of SSVs that falls into the same grid cell,
we determine the distance between their corresponding core
skeletons, s1 and s2. This distance, d, is subtracted from the
sum of the radii of the two SSVs, 1 and r2, to determine if
there is an intersection. Let

overlap =d — (rl 4+ r2)

If overlap is positive then the sections of hair do not overlap
and no response is calculated.

If there is an intersection, then we compute the cross
product between the core skeletons, s1 and s2, to determine
the orientation of the skeletons in relation to each other. If
s1 and s2 are near parallel, we set their corresponding ve-
locities to the average of their initial velocities.

Intersecting hair sections that are not of similar orien-
tation are pushed apart based on their amount of overlap.
The direction to move each hair section is determined by
calculating a vector from the closest point on s1 to the clos-
est point on s2. Each section is moved by half the overlap
value and in opposite directions along the vector from s1 to
s2. Fig. 8 shows the effects of hair-hair interactions.

5.4 Hair-Object Interactions

Hair can interact with any object in the scene, such as
the head or body of the character, where the object is a solid
body that allows no penetration. Our hair-object collision
detection algorithm begins by encapsulating the object with
a bounding volume hierarchy (BVH) of SSVs that is pre-
computed offline. A collision is detected between a section
of hair and the object by recursively traversing the BVH
testing the hair’s SSV against the bounding volumes in the
hierarchy. If the hair is colliding with the object, the BVH
will return the triangles in direct contact with the hair.

If a section of hair is colliding with the object, we ad-
just the position of the hair section so that it is outside of
the object. We determine the amount by which to push the
hair section by calculating the amount of penetration of the
hair section into the object. We then push the skeleton in
the direction normal to the object in the amount of the pen-
etration. The section of hair is now no longer colliding with
the object. In addition, the velocity of the section of hair
interacting with the object is set to zero so that the hair is
restricted to only move tangential to and away from, the ob-
ject.

In the next time step, we know that the hair is still in



Figure 8. Effects of Hair-Hair Collision Detection. Side-by-side comparison with (RIGHT) and without (LEFT) hair-hair

collision detection in a sequence of simulation snapshots.

close proximity to the object. If there is no intersection be-
tween the object and the hair we determine whether the hair
is still within a certain distance threshold. If it is within this
threshold, then the hair is still restricted so that its velocity
in the direction of the object is zero. If it is not within this
threshold, then the hair can move about freely.

When hair interacts with an object, a frictional force
must be applied. We calculate a friction force by project-
ing the acceleration of the hair onto the plane tangential to
the object at the point of contact. The result is the acceler-
ation component that is tangent to the object. We apply the
friction force in the opposite direction to oppose the mo-
tion of the hair. The magnitude of this force is based on the
acceleration of the hair and the frictional coefficient, p,
which is dependent upon the surface of the object, where
0<py <l

5.5 Overall Collision Checking Algorithm

During a single time step, a section of hair can have
many interactions, some with other hairs and some with
outside objects. The order in which we process these in-
teractions is important as certain interactions must allow
no penetration. Therefore, we process the hair-hair inter-
actions first. The avoidance of hair-hair intersections is a
soft constraint. Where possible, hair-hair intersections will
be avoided, especially in the case of intersecting hair sec-
tions of different orientations. In contrast, the avoidance of
hair-object intersections is a hard constraint. At the end of
the time step, there will be no intersections between the hair
and an outside object.

5.6 Implicit Integration for Dynamic Simulation

After our system computes appropriate collision re-
sponses, the dynamic simulation proceeds. We follow the
basic dynamics model for simulating hair that was first pro-

posed by [1, 14]. We extend this method by using an im-
plicit integration technique, in order to achieve greater sta-
bility while allowing us to take larger time steps throughout
the simulation. This approach is similar to cloth simulations
that use implicit integration for great stability [2].

In this approach, each control point of a hair skeleton is
governed by the set of ordinary differential equations:

d20; do;

I; i—r = Moy,
a g o
d?¢; do;

Ii— 47— = My,
az i ¢

where I; is the moment of inertia for the 4th control point
of the skeleton, ~; is the damping coefficient, and My and
M, are the 6 and ¢ torque components, respectively. My
and M, are computed from the spring forces controlling
the style of the hair and external forces such as wind. The
resultant My and M4 become:

Mo = My + My
Md’ = M¢Spring + M¢Ezternal'

spring external?

The torques due to the spring forces are calculated by:
My = —ko(0; — bi0),
My = —kg(¢i — ¢io),

where kg and k, are the spring constants for 6 and ¢, re-
spectively. Furthermore, 6 and ¢, are the specified rest an-
gles and # and ¢ are the current angle values. Although ex-
plicit methods such as Euler or fourth-order Runge-Kutter
can be used for this integration, we choose implicit integra-
tion for greater stability of simulations. Appendix A shows
the derivation of our implicit integration equations using po-
lar coordinates. Because we are working with polar coordi-
nates, we will use angular positions, 6 and ¢, and angular
velocities, wy and wy.



The change in angular velocity for the #-component of a
skeleton node point, Awy, becomes
—hkg(@ — 90) — thQWQO

A =
wo 1+ h2kg

where A is the time step, and wgo = wy(to) is the angular
velocity at time to. Here, Awg = wy(to+h)—we(to). Once
we have calculated Awyg, we calculate the change in angular
position Af from A = h(wo + Aw). The same process
can be applied to the ¢-component of the angular position
and angular velocity for each control point of a skeleton.

Implicit integration allows us to use stiffer springs when
warranted, for example, when simulating the bristles of a
brush which have different spring constants than the hair on
a human head. Using stiff springs with explicit integration
on the other hand, requires much smaller time steps to en-
sure a stable simulation.

6 Runtime Sdection

Our hair hierarchies allow us to choose appropriate dis-
crete and continuous LOD representations for the hair dy-
namically during the simulation. We simply traverse the hi-
erarchy selecting the desired hair assemblage. As we move
to a different level in the hair hierarchy we are either di-
viding a hair group into multiple groups or combining sev-
eral groups into one larger group of hair. The base skeleton
makes these transitions smooth and straightforward. Be-
cause each hair representation uses the same dynamic skele-
ton, we generalize the transitioning algorithm so that it can
be applied at any location in the hierarchy.

6.1 Criteria for Grouping and Subdividing

The current assemblage of hair is determined by the
viewing distance from the viewer to the hair, the motion
of the hair, and the visibility of the hair. We use a technique
similar to that described by [24]. This method first tests the
hair’s visibility by determining if it is outside of the field of
view of the camera or if it is occluded by the body. If a sec-
tion of hair is not visible, it is simulated using the coarsest
representation, the root strip of the hierarchy, and it is not
rendered.

The next criterion for choosing the hair’s representation
is the viewing distance. As the distance from the viewer to
the hair increases we move up the hair hierarchy, simulat-
ing and rendering the hair with less detail. Meanwhile, as
the velocity of the hair increases, we move down the hier-
archy, simulating and rendering the hair with finer detail.
Each level in the hierarchy has predetermined intervals for
its appropriate viewing distances and velocities. These pre-
determined values are set by defining the intervals for the
coarsest LOD in the hierarchy and for the finest LOD in the
hierarchy. The remaining values for the rest of the levels are

linearly interpolated from the start and end values to create
a smooth progression of distance and velocity thresholds.

If a section of hair is not occluded, then its distance and
velocity are compared against the current level’s thresholds.
The current level is chosen based on whichever test requires
more detail. In a given time step, a section of hair only
moves one level in the hierarchy in order to avoid visual
distractions, unless a transition is triggered by occlusion.

A transition caused by an occlusion permits the hair rep-
resentation to transform into the coarsest strip representa-
tion regardless of its current location in the hair hierarchy.
When the hair is no longer occluded, it transforms into the
LOD that is appropriate given the hair’s current velocity and
distance values.

6.2 Adaptive Subdivision

Using our precomputed hierarchy, we divide a group of
hair into multiple groups by moving a level down the hier-
archy. This becomes a simple process through the use of
the base skeleton. As explained in Sec. 4, each hair group’s
skeleton has the same number of control points as its par-
ent skeleton. Furthermore, all of the style properties are the
same from parent to child. Accordingly, when a transition to
a hair group’s children occurs, the child skeletons inherit the
dynamic state of their parent skeleton. Each control point in
a child skeleton corresponds to a control point in its parent
skeleton. When the child groups are created from the par-
ent group, the offset of each child from the parent is stored.
When we switch to the children, these offsets are used to
position the children accordingly.

Fig. 9 shows two skeletons dynamically subdivide into
multiple skeletons as a gust of wind blows through the hair.

6.3 Adaptive Merging

Merging multiple child skeletons back into their parent
skeleton is, again, rather straightforward. Our method aver-
ages the dynamic states of the children, including position
and velocity values, and assigns this average to the parent
skeleton.

In order to alleviate visual artifacts that can appear by
merging children into a parent skeleton, a transition may
only occur if all of the children are ready to transition back
into the parent; that is, the criteria explained in Sec. 6.1 for
switching levels are satisfied for all of the children. Fur-
thermore, in order to avoid a sudden jump in the position of
the hair, we impose a positional constraint on the children.
After we have averaged the control point positions of the
child skeletons, we determine the distance of the child con-
trol points from their corresponding parent control point. If
this distance is greater than a certain threshold, the transi-
tion will not occur. If the distance is less than the threshold
but not in exact position, a spring force is used to subtly pull
the children into place so a smooth transition may occur.
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Figure 10. Dynamic Simulation of Hair Using LODs. A sequence of snapshots (from left to right).

Figure 9. TOP: Two skeletons (LEFT) are dynamically
subdivided into multiple (RIGHT). BOTTOM: The ren-
dered images without (LEFT) and with (RIGHT) adaptive
subdivision.

7 Resultsand Comparisons

We have implemented our LOD hair simulation algo-
rithm in C++. We modified and extended the publicly avail-
able proximity query package (PQP) [15], to perform colli-
sion detections. The simulation results are displayed using
OpenGL.

7.1 Rendering

Our rendering system follows that described in [24] for
LOD hair representations. This approach uses the shad-
ing model suggested by [8] and opacity shadow maps in-
troduced by [10]. The use of motion blurring and image
blending helped to alleviate the visual artifacts associated
with LOD transitions.

7.2 Performance Comparisons

We have tested our implementation on various scenarios.
Please visit our project website:

http://gamma.cs.unc.edu/HAIR

for MPEGs of these simulation runs and for snapshots taken
from hair simulations using our LOD representations.

We also compared the performance for the overall dy-
namic simulation (not including collision detection) and
collision detection using different representations on vari-
ous simulation scenarios. Table 1 gives a detailed compar-
ison of the average running times using a combination of
discrete and continuous LOD representations (indicated as
LODs) against (i) the use of the finest hair representations,
or the lowest possible level in the hair hierarchies (indicated
as Fine Strands in the table), and (ii) the coarsest strand rep-
resentations, or highest level within the strand hierarchies
(indicated as Coarse Strands in the table). This simulation
entails wind blowing through the hair as the camera remains
stationary. The camera is positioned close to the figure, so
the viewer can see fine detail, and primarily shows the ef-
fects of the continuous LODs used within the strand hierar-
chy. Our method allows us to simulate strands with visual
detail comparable to that of the finest strand representation,
whereas the timings for the simulation is comparable to that
of the coarsest strand representation.

Table 2 shows results of the same simulation as the cam-
era zooms away from the figure. With this simulation the
influence of the discrete LODs is obvious. The use of clus-
ters and strips with adaptive grouping and subdivision in-
creases the performance of the simulation with little visual
loss. The table shows comparisons of the same simulation
with the finest detailed strands, versus the coarsest detailed
clusters and coarsest detailed strips.

For this benchmark, we used 9,350 individual strands.
At the finest detail in the hierarchy, these strands were
simulated with 3,570 skeletons, averaging 2.6 strands per
skeleton. The algorithm does not allow all of the hierar-
chies to extend to each individual strand due to the over-
whelming computational cost entailed. Rather, some hi-
erarchies extend to the individual strand level, while oth-



ers contain a minimum of four or five strands at the low-
est level. This combination, automatically generated by our
approach, enables the simulation to distribute the compu-
tational resources where they are needed the most. Hair
strands that originate at the top of the head, near the part of
the hair, are more viewable and will be allowed to extend to
the individual strand level, whereas hairs located at the base
of the neck are typically not as viewable and do not require a
hierarchy reaching as far. These 9,350 strands are then rep-
resented with 110 strips, at the coarsest level, or 330 clusters
at the coarsest level in the cluster hierarchy. The skeletons
comprising the hairstyle consist of 6 control points on aver-
age. Timings were taken on a PC equipped with an Intel(R)
Pentium(R) 4 2-GHz processor, 1 GB main memory and
GeForce(R) 4 graphics card.

| Breakdown | Fine Strands | LODs | Coarse Strands |

Dyn Sim 0.107636 0.041624 0.038271
Col Detect 7.642328 0.411793 0.338298
Total 7.749964 0.453417 0.376569

Table 1. Performance Comparison. Simulation
for a stationary camera. The average performance numbers
are measured in seconds per frame.

| Breakdown | LODs [ Strands [ Clusters | Strips |

Dyn Sim 0.026142 | 0.107636 | 0.015374 | 0.003242
Col Detect | 0.239489 | 7.642328 | 0.171781 | 0.020142
Total 0.265631 | 7.749964 | 0.187155 | 0.023384

Table 2. Performance Comparison. Simulation
for a camera zooming out. The average performance num-
bers are measured in seconds per frame.

7.3 Analysis and Discussion

The impetus of this research is to explore the use of dy-
namic grouping and subdivision of hair to automatically
generate continuous LODs for hair simulation. This ap-
proach enables us to further increase the visual fidelity
while maintaining an interactive dynamic simulation. It is
difficult to meaningfully quantify the computational errors
introduced by the use of simplified representations for mod-
eling hair. Notwithstanding the foregoing, we can subjec-
tively evaluate the resulting simulation by performing com-
parisons on the visual quality of the simulated results. Us-
ing side-by-side comparisons as shown in the supplemen-
tary video, we notice higher visual fidelity of the simu-
lated hair using continuous LODs. The performance of our
framework varies depending on the scenarios. In general, its
overall performance in simulation and rendering compares
favorably against the use of discrete LOD representations
[24].

Limitations: As with most LOD algorithms that generate

hierarchical representations offline, our approach necessi-
tates considerable memory requirements.

There are other application-dependent transition criteria,
such as collision, that we have not examined closely but
which can improve the system’s overall performance.

7.4 Comparisons Against Earlier Approaches

This research is built upon the discrete LOD represen-
tations introduced in our recent work [24]. In [24], we
discussed the benefit of using discrete LOD representa-
tions that compared favorably against earlier approaches
[4, 5, 11, 12, 13, 14, 16, 17, 20, 23, 25], as the use of
LODs can achieve both high visual quality and interactive
dynamic simulation at the same time.

Compared to [24], our current approach allows for
higher quality visual appearances while maintaining similar
or better runtime performances. Using continuous and dis-
crete LODs for hair simulation enable the user to maintain
complete control over the visual and performance results of
the system.

8 Summary and Future Work

In this paper, we present an approach to adaptively split
and group collections of hair to generate continuous LODs
for accelerating the dynamics computation of hair while
achieving higher visual fidelity. In addition to potential ar-
eas of improvements mentioned in the earlier sections, there
are several possible directions to extend this research:

e Dynamically change the hairstyle, as the user combs or

brushes the hair with a 3D user (e.g. haptic) interface;

o Interactively model the dynamics of the hair in the

presence of other substances, such as styling gel, hair
spray, water, etc.;

e Automatically generate desired simulation outcomes,

given high-level user control.
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Appendix A: Implicit Integration

We use implicit integration for the dynamic simulation of hair,
as explained in Section 5.6. Here we show the derivation of equa-
tions for our implicit integration formulation. We will first show
how this works with the §-component. Since we are working with
polar coordinates, we will denote the angular position 6, angular
velocity w, and angular acceleration «.

We start with the second-order differential equation:

6(t) = f(6(t),6(t) = —ke(6: — bio).

We can rewrite this as a first-order differential equation by substi-
tuting the variables « = 6 and w = 6. The resulting set of first-order
differential equations is

%<z>:%<2):<f<;w>>

We get the following formulations for A# and Aw when using the
explicit forward Euler method, where A0 = 6(to + h) - 0(to) and
Aw =w(to + h) - w(to) and h is the time step value

( 2‘?1 ) :h< —ke(t;o—(%) )

Instead, we are going to take an implicit step which is often
thought of as taking a backwards Euler step since we are eval-
uating f(6,w) at the point we are aiming for rather than at the
point we were just at. In this case, the set of differential equations
changes to the form
(AQ)_h< wo + Aw )
Aw | f(6o + A, wo + Aw)

A Taylor series expansion is applied to f to obtain the first-order
approximation,

~ of of
J(O0+ D0, w0 + Bw) & fo+ 5500+ 2L Aw

~ —k9(0 — 90) — koG + O(Aw) ~~ —k9(9 — 90) — ko NG

After we substitute the approximation of f back into the differen-
tial equation we get

NG 0 wo + Aw
Aw ) —ko(6 — 00) — ko NO

We can focus on the angular velocity Aw alone and substitute A6
= h(wo + Aw). We get
Aw = h(—ko(0 — 0o) — koh(wo + Aw))

Rearranging this equation gives us
(1 + koh*)Aw = —hke(0 — 0o) — keh’wo
_ —hke(0 — 60) — h®kowo

A
w 1+ h2kg

Once we have calculated the change in angular acceleration,
Aw, we can calculate the change in angular position Ad trivially
from A@ = h(wo + Aw). The same process can be applied to the
¢-component of the angular position and angular velocity for each
control point of a strand.
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Abstract

Realistic animation of long human hair is difficult due to the number of hair strands and to the complexity of their
interactions. Existing methods remain limited to smooth, uniform, and relatively simple hair motion. We present
a powerful adaptive approach to modeling dynamic clustering behavior that characterizes complex long-hair
motion. The Adaptive Wisp Tree (AWT) is a novel control structure that approximates the large-scale coherent mo-
tion of hair clusters as well as small-scaled variation of individual hair strands. The AWT also aids computation
efficiency by identifying regions where visible hair motions are likely to occur. The AWT is coupled with a mul-
tiresolution geometry used to define the initial hair model. This combined system produces stable animations that
exhibit the natural effects of clustering and mutual hair interaction. Our results show that the method is applicable

to a wide variety of hair styles.

Categories and Subject Descriptors (according to ACM CCS): 1.3.7 [Computer Graphics]: Animation

Figure 1: comparisons between real hair and simulation results.

1. Introduction

Despite recent advances in the animation of virtual humans,
simulating the complex motion of long hair remains an area
of active research. In contrast to short hair and fur that has

i Currently working at Rhythm & Hues Studio.
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been successfully used in feature films such as Stuart Little 2,
Monsters Inc. 9, simulating reasonably long, human-like hair
poses additional challenges since both hair interaction with
the character’s body and mutual hair interaction need to be
modeled. Without these interactions, the resulting hair ani-
mation would lose realism.

This paper describes an effective adaptive method that mod-
els the dynamic clustering behavior often observed in long
hair motion (see Figure 1). To model such splitting and
merging behavior, we employ multiresolution representa-
tions for both modeling (geometric level of detail) and an-
imation (control level of detail), where the latter is extracted
from the former. The adaptive wisp tree (AWT), a control
structure built upon the multiresolution model, approximates
the large-scale coherent motion of clusters as well as small-
scale variations in hair motion. During animation, the AWT
automatically adapts itself based on local wisp fusion and
separation. It also helps to focus computations where visible
hair motions are likely to occur. The time-varying AWT seg-
ments control the motion of underlying multiresolution hair
model, including the individual hair strands used at the ren-
dering stage. The resulting animations are efficiently com-
puted and stable.
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1.1. Previouswork

This section focuses on animation methods that can be used
for animating long hairt. Hair modeling and rendering are
not addressed. A complete state of the art can be found else-
where 20,23,4,17,

Most methods for animating hair rely on a physically-based
dynamics model. A brute-force dynamics simulation would
consume unacceptable computational resources, due to the
large number of hair strands (~ 100,000) and the complexity
of their interactions. Early work on hair animation does not
consider the problem of mutual hair interaction and mostly
focuses on the motion of individual hair strand 2% 26, For
efficient processing of mutual hair interactions, an auxiliary
mechanism is often employed. Examples include the cloth-
like patches used for the production of Final Fantasy 14 and
a layered shell to add volume around the head model 29, but
these are limited to modeling smooth lateral interactions (as
if hairs were layers of patches), rather than the realistic com-
plex motions and interactions we seek to model.

Hadap and Magnenat-Thalmann propose a novel paradigm
for handling mutual hair interaction by considering hair as
a continuum and coupling a fluid dynamics model with an
elaborate model for stiff hair dynamics 12. The smoothed
particle approach is used to model both hair-hair and hair-
air interactions. The method gives high quality results for
straight, smooth hair motions and interactions. However, it
is computationally expensive since every hair strand needs
to be processed, and results do not illustrate the dynamic
clustering effects observed in real hair motion. Our goal is
to mimic such complex dynamic clustering behavior, which
we find essential when dealing with most hair styles.

For efficient computation of hair motion, neighboring hairs
are often grouped and approximated by compacter represen-
tations. Among the two main approaches to hair grouping,
the first approach uses guide hair or key hair to model a
sparse set of hair strands, from which dense hair is interpo-
lated at the rendering stage & 4. These methods are useful for
modeling and animating smooth or short hairstyles and ani-
mal fur 29, The second approach uses wisps to group nearby
hairs into representative geometric primitives (hair wisps),
inside which individual hair strands are rendered. This ap-
proach is employed as a few large wisps (e.g., in Shrek 8),
or surface wisps 18, or volumetric wisps 2723, that are de-
formable or rigid.

In the efforts to expedite hair animation by reducing the
number of animated primitives, processing mutual hair in-
teraction remains a challenge. Chang et al. 4 models the hair
medium as a continuum, approximated by polygonal strips
connecting the guide hairs. Limiting the interactions to only
those between the polygons and guide hairs greatly reduces
the computation needed for modeling mutual hair interac-

T In the remainder of this paper, the term "hair" will be used for human-like hair as
opposed to fur. We believe that such hair poses unsolved problems due to the complexity
of hair interactions.

tion. Additional guide hairs are adaptively inserted to ensure
that guide hairs remain evenly distributed during hair mo-
tion. However, the underlying continuum assumption limits
the method to relatively simple and smooth motion, since
general hair motion does not maintain the strand-neighbor
relationships assumed by guide hair approaches.

The geometry and control provided in the wisp approaches
can model the complex hair geometry and clustering effects
of long, thick hair. Plante et al. 2 models hair interaction by
allowing individual wisp to deform. While each wisp models
the coherent motion of neighboring hair strands, the interac-
tion between wisps are handled with an anisotropic colli-
sion model- i.e., damped collisions occur when two wisps of
different orientations collide, while wisps with similar ori-
entation are allowed to interpenetrate with a high friction
coefficient. The method proves useful for simulating com-
plex clustering effects in hair motion, but remains inefficient
(3 hours for a few seconds of animation) due to the com-
plex shape of hair wisps and the number of penetration tests.
More importantly, this approach can be unstable at the rest
state due to the high number of mutual interactions between
wisps. Our mechanism for processing interactions is related
to this method, but our adaptive approach improves upon
both efficiency and stability of the animations.

The use of adaptive level of detail is a well known way to
improve efficiency during simulations. Previous adaptive de-
formable models such as 10 were devoted to the simulation of
continuous medium. Chang et al.’s approach is also based on
a continuum assumption as interpolation is used to add ex-
tra guide strands. Our claim is that hair is not a continuous
medium. Strong discontinuities in geometry can be observed
during motion, especially at the tip of hairs. A multiresolu-
tion hair representation was proposed to model such char-
acteristics of hair geometry 17, which proved effective for
modeling a variety of complex hairstyles. Yet this work was
not exploited for hair animation. Very recently, Ward et al. 2
proposed a novel approach for modeling hair using three ge-
ometric levels of detail : hair strips, hair clusters and individ-
ual hair strands. Transitions between these LODs are dynam-
ically generated during motion, according to criteria such as
camera position. This method yields an increased efficiency,
especially at the rendering stage. Although promising, the
results are shown only for gentle and smooth motions such
as hair floating in the wind. In contrast, our approach focuses
on the animation level of details, i.e. dynamically adapting
the control structure for more complex hair motion. Our cri-
teria for driving transitions between animation is different
from the work of Ward et al. in that our method is driven by
the local complexity of hair motion instead of the importance
of the object on the screen for rendering 2. Therefore, our
approach is independent of any adaptation of such rendering
LOD and could be coupled with Ward’s method to increase
the rendering efficiency as well.

(© The Eurographics Association 2003.
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1.2. Overview

Our goal is to simulate the dynamic clustering behavior of
hair motion and the mutual hair interactions. We strive for
both efficiency and stability. The key idea is to dynamically
adapt the local resolution of the control structure during ani-
mation, thereby concentrating computations where it is most
needed, and reducing the number of interacting elements to
maintain stability.

We employ a multiresolution hair wisp representation simi-
lar to that used for hair modeling by Kim and Neumann 17.
At each time step, interactions between active hair wisps are
detected and processed, similarly to Plante et al.’s work 23.
The contributions of our method are :

e Adaptive wisp tree, a novel adaptive control structure for
hair animation that simulates dynamic splitting and merg-
ing of hair clusters;

e Rules for detecting areas where refinement and merging
should occur;

e Improving efficiency and stability of interaction process-
ing in wisp-based approaches.

Sections 2 to 4 respectively describe these contributions.
The last two sections discuss implementation and results be-
fore concluding.

2. Adaptivewisp tree

During real hair motion, clusters form and split due to fric-
tions, static charges, and the features of the initial hairstyles.
The number, location and size of the observed clusters vary
over time. The adaptive wisp tree (AWT) is motivated by the
fact that the clustering behaviors are observed moving from
hair tips to roots, as if hair was progressively cut by a slider.
We attribute the phenomena to the excessive collision be-
tween hairs near the scalp and to the fact that hair motions
are constrained at the root, while hair is free to move apart
at the end. Physical simulation of such behavior would re-
quire considerable amount of computation and pose stability
issues in numerical integration. We rather aim at a simple
data structure that visually mimics the clustering behavior,
leading to a tree-like control structure that approximates hair
cluster splitting and merging. See Figure 2.

=

Figure 2. The AWT is an acyclic oriented graph of wisp segments where nodes ap-
proximate the mass of nearby hairs and edges represent the control links between nodes.

The geometric complexity and motion complexity are not
always correlated : for instance, curly hair modeled as a large
number of spiral-looking small wisps may move as coher-
ently as a single large hair cluster for slight head movement,

(© The Eurographics Association 2003.

whereas seemingly smooth hair wisps often suddenly split
into small clusters under drastic head motion. To model this
behavior, we employ a multiresolution hair model to pre-
serve the geometric detail, coupled with the AWT that con-
trols the dynamic evolution of hair motion. The multires-
olution geometric clusters are also used to guide potential
splitting in a particular hairstyle during subsequent motion
processing.

geometric multiresolution model

“ &

e

Adaptive Wisp Tree(AWT)

Fi gure 3. Relationship between geometric multiresolution model and the ANT

2.1. Multiresolution hair geometry

We represent a hair model with a hierarchy of generalized
cylinders (GC), adapting from 7. A hairstyle is progres-
sively constructed by creating GCs and refining them into
smaller ones. In the remainder of the paper, we use the terms
super-GC, sub-GC when we refer to the modeling hierarchy.
We reserve parent and child notations for denoting relation-
ship between control links in the AWT (Figure 3).

The following modifications are made to 17 :

e The number of segments in sub-GCs should be multiples
of that of the super-GC so that corresponding nodes can
be easily identified.

e GCs have only circular cross-sections. Complex shapes
emerge during animation as the result of splitting proce-
dure. The condition greatly simplifies collision processing
since a single radius per cross-section suffices, in contrast
to complex deformable boundary used by 23,

e The framework of 17 does not enforce that the boundary
of a super-GC encloses all its sub-GCs. The boundary of
a super-GC is madified to fit the shape of its sub-GCs, in
a post-processing step. Given a set of sub-GCs, we first
compute the center-of-mass curve, and then modify the
GC contours around this curve - a mere radius change in
our case.
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2.2. Multiresolution mechanical structure

Figure 4: Left image illustrates the AWT. Active nodes are drawn as spheres and
segments are drawn as cylinders. Right image shows the corresponding hair rendering.

The motion of each GC is approximated by a discrete set
of nodes (Figure 4). A node corresponds to the center of the
cross-section of the GC in the model hierarchy, the super-
GC being refined at the end of the modeling stage, so that
the number of cross-sections is the same at each hierarchy
level. With each node, we store pointers to the correspond-
ing nodes in the super-GC and sub-GC. We call such nodes
super-nodes and sub-nodes, respectively. We also store the
radius of the associated GC cross-section and the mass, com-
puted from the number of hair strands that it simulates.

A set of active nodes partitions each GC so that each sec-
tion of the finest level GC is governed by one and only one
of them. The level of active nodes determines whether a GC
section around the node is either animated as a coherent clus-
ter or as a set of refined sub-GCs. We call segment the links
that connect the set of active nodes, constructing a tree struc-
ture, the AWT (see Figure 5).

The AWT evolves during animation through nodes sepa-
ration (a node splits into sub-nodes) or fusion (sub-nodes
merge into their super-node). To ensure that the structure re-
mains as a tree, merging is only allowed from root to tip, and
splitting is allowed from tip to roott.

Dynamic splitting and merging occur only in the control
model (AWT), not in the geometric model. Before anima-
tion, each hair strand is attached to one of the finest GCs in
the model hierarchy and thus controlled by the set of active
segments at any time during animation. We thus ensure that
the visual motion of geometric model remains consistent de-
spite the discrete changes in the LOD of the control model.

2.3. Animation

In practice, an AWT is built for each top-level GC in the
model hierarchy; the entire hair being partitioned as a forest
of such AWTs. At the beginning of the animation, often at
rest, each AWT is initialized with only the coarsest nodes
active. During animation, the tree evolves over time based
on the fusion and separation processes.

Segments in the AWT are represented by either rigid links
or viscous springs, depending on the desired behavior. Since
a curly wisp should elongate during animation, soft springs
are preferred for curly hair, whereas straight hairs are real-
istically modeled with rigid links. Among all the available

i We ignore rare cases where the tip of hair remains coherent while other parts move
gpart. In theory, this situation can be handled by turning the tree into a graph with cycles,
at the cost of amore complex data-structure than our current implementation.

simulation methods for this kind of mechanical models (see
for instance 129.23.4), we have currently adopted a fast, ap-
proximate iterative method for simulating rigid links 2 as
well as an implicit integration method for spring links °. Us-
ing Pai’s strand model 2 may be a good alternate solution.
External conditions such as head movement, collisions, wind
force fields, gravity, etc. affect the motion of the AWTS, con-
strained by the dynamic model.

3. Adaptingthe AWT

The AWT adapts over time by dual processes - splitting and
merging. The splitting process locally refines the hair motion
when a single wisp segment is not sufficient for the motion
and deformation. The merging process simplifies the AWT
when the motion becomes coherent again. This adaptation
greatly simplifies the interaction processing as detailed in
section 4.

3.1. Splitting (separation)

Our splitting criteria is based on the observation that motion
becomes more complex in regions where hair accelerates. A
node of the AWT splits if :

1. Itsacceleration times radius is over a threshold value; and
2. lts child node in the AWT has already been split.

The first condition models the observed behavior that a
larger (radius) or faster (accelerating) wisp is more likely
to split. The second condition enforces the rule that splitting
occurs from tip to root. Figure 5 shows the splitting process.
When a node splits into a set of sub-nodes :

e The position of each sub-node is updated with an offset
vector computed initially and whenever merging occurs
(see 3.3).

e The velocity of sub-nodes are set to the velocity of the
split node.

1 2 3 4 5

© active node
Q@ non active node

I active segment
I non active segment

Fi gure 5: The splitting process. 1. Initially, only coarse nodes are activated. 2. A node
inside the circle meets the split criteria. 3. Its sub-nodes are activated 4. After a few time
steps, the node inside the circle needs to split 5. Resulting AWT.

3.2. Merging (fusion)

Nodes sharing the same parent merge if their super-node is
capable of approximating their motion. The merging condi-
tions are :

1. The merged nodes are contained within the radius of the
super-node.

(© The Eurographics Association 2003.
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2. Their relative velocities are under a given threshold in
magnitude, to avoid discontinuity in velocity when merg-
ing occurs.

3. The splitting condition 1 is not true (this test is added to
prevent merging nodes from immediately splitting again).

Note that our merging test is local - it is only performed
for the nodes with the same parent node. This way, the AWT
eliminates any need to perform tests between arbitrary wisp
segments. The tree structure of animated hair is preserved
since merging takes place from the root to the tip of hair.
When nodes merge into a super-node :

e The super-node is positioned at the center of mass of the
merging nodes. Its velocity is set to the mean velocity,
weighted by masses of the merging nodes. Its radius is
modified to tightly fit all the merging nodes.

e The offset vector for each merged node is computed and
their positions are frozen with respect to the super-node
thereafter.

3.3. Positions of Non-Active Nodes

To update the embedded multiresolution geometry, the posi-
tion of non-active nodes should be updated during motion.
Initially or when merging is performed, for each non-active
node, an offset vector is computed that stores the node’s rel-
ative position with respect to its super-node. At each time
step, the position of a (non-active) sub-node is updated with
the offset vector, rotated by a matrix that transforms the tan-
gent vector of the active segment at the time of merging or
initially, to the new tangent vector.

4, Hair interaction

One of the key benefit of the AWT is that it implicitly mod-
els mutual hair interactions so that neighboring wisps with
similar motions merge, mimicking the static friction in real
hair. This avoids subsequent collision processing between
these wisps, thus increasing efficiency as well as gaining sta-
bility from the reduced number of primitives. In addition,
the splitting behavior models wisps deformation without the
need of the complex deformable wisp geometry used in pre-
vious work 23, For collision processing, active segments in
the AWT are thus represented by cylinders, which greatly
simplifies collision detection tests.

4.1. Collision detection

The character’s body is surrounded by a few bounding
spheres, and a space voxel grid is used to store the active
wisp segments at each time step. Each time an AWT seg-
ment penetrates a bounding volume, or when two segments
intersect the same voxel, the wisp segment geometry is used
for collision detection. This geometry is simply defined as a
cylinder that connects the associated nodes in the wisp tree
(a parent Np and a child node N¢). The cylinder radius is set

(© The Eurographics Association 2003.

to the child node’s radius® since the parent node may be-
long to a coarser level of detail (see Figure 6). For instance,
a collision between two wisp segments is detected if the dis-
tance d = d(Py, P2) between the closest points on their axes
is smaller than the sum of their radii r =rq +ro.

Note that collisions do not need to be detected when neigh-
boring elements already have the same velocity. Testing for
collisions in this case would even introduce artifacts, due
to our split/merge process. When a merging occurs (e.g.
when hair has come to rest), the coarser segment geome-
try only approximates its sub-segments geometry. Suddenly
using this coarse geometry for collision detection would pro-
duce new, undesired motion towards a slightly different rest
state. To avoid this problem, collision test is only performed
between pairs of elements with relative motion differences.

Figure 6. Hair mutual interactions are detected efficiently since wisp segments are
simple cylinders. (a) Friction forces are generated by the interaction of wisps segments of
similar orientation; (b) soft response forces are added in other cases, (c) collision response
being computed at closest points and then applied at mass nodes.

4.2. Responseto mutual hair interaction

Our processing of interactions is inspired from Plante et al.’s
anisotropic collision response model 23. The generated re-
sponse forces allow wisp segments of similar orientation to
interpenetrate, but high viscous friction is produced in this
case. Response forces also prevent penetration between col-
liding wisp segments of different orientation, thus modeling
the fact that a hair strand cannot cross each other strand (see
Figure 6 (a) and (b)).

This anisotropic behavior can easily be modeled by comput-
ing viscous friction forces V1 and V» at the closest points Py
and P, between the segment axes :

V]_ = kf(pz— pl); V2 = —V]_ (1)

and by adding repulsion forces Ry and R, when the angle
between the two segments is over a threshold :

(P1—Py) |
[IPL—Po|’

The resulting force F =V + R at P (where P is P; or Py)
is then splitted into two forces Fp and Fc respectively, and
added to the set of external actions applied at the segment

Ry =ki(r—d) Ro=—-Ry (2

§ Tapered cylinders computed from the parent and child nodesradii could be used instead.
However, collision detection would be more intricate since closest points between two
tapered cylinders do not necessarily correspond to the closest points between their axes.
We did not observe any noticeable artifacts due to the use of standard cylinders.
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nodes (see Figure 6, (c)) : if P = uNp+ (1 —u)N,
Fop=UuF; Fe=(1—-u)F 3)

The friction coefficient k¢ used in equation (1) should
vary depending on the hierarchy level of the wisp segment.
Friction forces should reduce the relative speed between
nodes, but never change its orientation, which may occur if
mass is too small with respect to the applied force. To main-
tain k¢ at a reasonable value while ensuring the same friction
behavior for all resolution levels, we use : ki = am, where
m is the mass of the child node Nc. We also check that the
integration step is small enough to prevent the friction from
reversing the direction of relative motion (adt < 1).

4.3. Hair interaction with obstacles

Hair is much lighter than the other objects in the scene, in-
cluding the character’s body. Hair position and velocity are
modified to model response to collisions with obstacles as
in 23, An active wisp segment that intersects an obstacle is
moved to remain in contact with it, by moving the child node
Nc. The node’s velocity is set to obstacle’s velocity to model
static friction, which we find more realistic than a bouncing
behavior in the case of hair.

5. Resultsand discussion

In the examples shown, the mass of each coarse node was
set so that the mass of the whole hair reaches between 500g
and 2kg (that is, around 1g per coarse node), knowing that
splitting an merging mechanisms obviouly ensure conserva-
tion of mass.

In our interactive interface, the splitting threshold can vary
from 0.1 to 0.5N.m.kg_1. The value set was chosen accord-
ing to the desirable importance of splitting during motion;
for curly hair, we chose a high value (less splitting) so that
hair remains grouped in wisps, whereas for smooth hair we
chose a low value (more splitting) so that hair can visibily
expand during motion. Only 2 levels of detail thus turned
out to be sufficient for animating curly hair; for the simula-
tion of smooth hair, we used 3 levels of detail to get a good
compromise between realism and computational costs. More
levels of detail could be used to increase realism.

5.1. Qualitativeresults

Snapshots taken from animation examples are shown in Fig-
ure 7 (see color plate Section). A variety of hairstyles were
animated with varying character motions such as jumping,
leaning, running, etc. Thanks to the merging process, our
model stabilizes the hair motion even at high speed.

The animations shown in Figure 7 were rendered with about
10,000 individual hair strands. For rendering, we use a mod-
ified version of opacity shadow maps 16 for hair-hair shadow
computation. Local hair reflectance is based on Kajiya-
Kay hair reflectance model 13, implemented in nVidia’s GC
shader. In each frame, hair strands are drawn as OpenGL

polylines, sorted by the visibility ordering algorithm in 17
for antialiasing. Rendering takes about a fraction of second
to several seconds, depending on the desired features listed
above.

5.2. Performance

Hair model single-level AWT
(N, L) time (sec) mean time (sec)
Short (5149, 2) 31 0.32
Short curly (4909, 2) 27 0.27
Long (6065, 3) 38 0.09
Long curly (9853, 3) 79 0.29

The above table compares our method with the perfor-
mance of a single-level animation method where all the
finest GC are simulated. With each hair model, we show the
number of nodes (N) at the finest level and the number of
geometric levels of detail (L). The single-level method was
used only to measure how much efficiency we get with the
adaptive method. The time for the AWT is a mean value, re-
flecting split / merge frequency during animation. The table
shows time (in seconds) to compute each animation step for
4 different hair models with same (leaning) motion of the
character body. These values were measured on a PC with
an 1.7 GHz Pentium CPU. We used 4 integration steps per
each frame (dt = 10ms). The maximum time to compute 10
seconds-long animation was about 5 minutes.

5.3. Discussion

In terms of time performance, our method scales favorably;
it runs orders of magnitude faster than the work by Plante 23
which similarly used volumetric wisps for animation but
without exploiting multiresolution. The time measurements
are comparable to those of Ward et al. 25, obtained with a
level of detail representation for hair.

The AWT is best suited for fast and drastic head motions, in
contrast to other methods where only slow and smooth hear
motions were illustrated. Our approach can yield strong clus-
tered appearance since we do not allow hair wisps to deform
after they are split. Such appearance is essential for many
kinds of hair (e.g. curly hair, thick hair, etc.), but may not be
always desirable (e.g. for very smooth hair).

Our current choices for wisp splitting criteria could be fur-
ther extended. We are currently investigating into an unified
set of criteria that would determine whether a wisp should
split or not. Possible extensions could include the body ac-
tion on the hair (including collision and friction), interaction
between air and wisps, and interaction inside hair. Lastly, the
recent work by Ward et al.’s 2> on geometric LODs could be
combined with our animation LOD algorithms, for increased
efficiency at the rendering stage.

6. Conclusion and Future Work

We presented an effective adaptive method for hair anima-
tion. Our adaptive wisp tree mimics the dynamic clustering
behavior of hair motion often observed in long, thick hair as

(© The Eurographics Association 2003.
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well as in curly hair. The reduced number of wisp segments
and their simple shapes result in efficient processing of com-
plex mutual hair interaction, as well as increased stability of
the simulation.

Our model is best suited for large-scale to mid-scale behav-
ior of long, thick hair, such as splitting and merging of clus-
ters. As hair wisp refines, collision detection takes place be-
tween finer and finer cylinders, necessitating smaller time
steps to handle mutual hair interaction during fast motion.
For such small-scale interactions, an alternative approach
such as Hadap and Thalmann’s smoothed particle model 12
could be better suited. To guarantee continuity of hair repre-
sentation, it could be also interesting to investigate a hybrid
approach that combines a very smooth hair representation
(e.g. using the adaptive guide hair method #) with dynamic
clustering effects provided by the adaptive wisp tree.
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Figure 7: Fromtop to bottom : short, smooth hair in running motion; long, thick hair in leaning motion; long, curly hair in leaning motion;
short, curly hair in leaning motion
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Abstract

This paper presents a new fast and accurate self-
shadowing algorithm for animated hair. Our method is
based on a 3D light-oriented density map, a novel struc-
ture that combines an optimized volumetric representa-
tion of hair with a light-oriented partition of space. Using
this 3D map, accurate hair self-shadowing can be inter-
actively processed (several frames per second for a full
hairstyle) on a standard CPU. Beyond the fact that our
application is independent of any graphics hardware (and
thus portable), it can easily be parallelized for better per-
formance. Our method is especially adapted to render an-
imated hair since there is no geometry-based precompu-
tation and since the density map can be used to optimize
hair self-collisions. The approach has been validated on
a dance motion sequence, for various hairstyles.

Key words: Hair self-shadowing, interactive rendering,
hair simulation.

1 Introduction

Self-shadowing is of great relevance to the realistic ap-
pearance of hair as it contributes to the impression of
volume (see Figure 1). Considering the high number of
thin, translucent fibers composing a human hair, this phe-
nomenon is difficult to reproduce both accurately and ef-
ficiently.

Our work was especially motivated by the need for a
simple, fast and accurate technique to render animated

Figure 1: A dynamic hair without self-shadowing (left) and shaded with our algorithm (right). The 3D light-oriented

map storing hair density and transmittance (middle). The whole simulation (including animation and our rendering)
is running interactively on a standard CPU.

sequences involving dynamic hair. Recently, much effort
has been made to achieve interactive frame rates in the
simulation of dynamic hair [3,22, 1]. But most of the
time, these good performances only include the cost for
animation while realistic hair rendering is done offline.

Approaches targeting interactive self-shadowing are
very recent and mostly rely on advanced GPU’s capabili-
ties [17,12]. Though successful, these methods are highly
dependent on the hardware architecture, and remain diffi-
cult to implement. This paper investigates an alternative
solution based on the CPU which turns out to be simpler
to implement, more flexible, and which still yields inter-
active frame rates.

1.1 Previous Work

Realistic rendering of human hair requires the handling
of both local and global hair properties. Local hair prop-
erties describe the way individual hair fibers are illumi-
nated and then represented in the image space, whereas
global properties define how the hair fibers interact to-
gether. Global hair properties especially include hair self-
shadowing which plays a crucial role in volumetric hair
appearance and which is the main focus of this paper.

Local Ilumination

To render an individual hair strand, Kajiya and Kay ear-
lier proposed a reflectance model [9] that has been widely
used subsequently. Their model is composed of a lamber-
tian diffuse component and an anisotropic specular com-



ponent. Many later approaches have subsequently pro-
posed further refinements to this model [13,2,7,10]. Re-
cently, Marschner et al. [16] measured the scattering from
real individual hair fibers and proposed a physical-based
scattering model accounting for subtle scattering effects
(such as multiple specular highlights) observed in their
experiments. In our approach, we use Kajya-Kay’s re-
flectance model but our self-shadowing technique could
be combined with any other local illumination model.

Self-Shadowing

Two main techniques are generally used to cast self-
shadows into volumetric objects': shadow maps and ray
casting through volumetric densities.

In basic depth-based shadow maps, the scene is ren-
dered from the light point of view, and the depth of ev-
ery visible surface is stored into a 2D shadow map. A
point is shadowed if the distance between the point and its
projection to the light’s camera is greater than the depth
stored in the shadow map. This algorithm is not adapted
to render semi-transparent objects such as hair because it
only stores a single depth per pixel. To handle the self-
shadowing of semi-transparent objects, Lokovic et al.
proposed an extension to the traditional shadow maps: the
deep shadow map [15]. For each pixel of the map, the
method stores a transmittance function (also called visi-
bility function) that gives the fraction of light penetrating
at every sampled depth along a ray casted from the pixel.

Kim and Neumann proposed a practical implemen-
tation of this approach, called the opacity shadow
maps [11], and applied it to hair rendering. In their
method, the hair volume is uniformly sliced along the
light rays and each hair volume comprised between two
consecutive slices is rendered from the light’s point of
view into the alpha buffer, leading to an opacity shadow
map. Final rendering is done by interpolating the differ-
ent opacity shadow maps. This method has been used
together with hair representations at different LODs for
the interactive animation of hair [23].

The opacity shadow maps technique was recently ex-
ploited by other authors [17,12] to get a fast rendering by
using recent GPU’s capabilities. Koster e al. achieved
real-time results by accelerating the implementation
of the opacity shadow maps and by making some
assumptions about the geometry of hair. Mertens et al.
used an adaptive clustering of hair fragments instead of
an uniform slicing, which enabled them to interactively
build a more accurate transmittance function.

Volume rendering is a common approach for visu-
alizing datasets that come on 3D grids [8]. To render

IPlease refer to [24] for a complete survey on shadowing methods.

semi-transparent volumetric objects with shadows, a first
step usually consists of casting rays from the light source
into the volume, and storing the light attenuation function
(in voxels for instance). Then, actual rendering is done
by ray tracing from the viewpoint. Such methods can
accurately render both volumetric data such as clouds
or smoke [8] as well as data with fine geometry such
as hair [9]. Ray-tracing-based approaches often yield
good quality results, but they are usually very expensive
in terms of time and memory. More recently, splatting
approaches have been used in order to achieve interactive
shadowing and rendering of volumetric dataset [18, 25].
Billboard splatting has been successfully applied to the
rendering of clouds [6]. In the case of hair, this method
is still efficient but it does not seem to be really adapted
to render the fine geometry of hair [1].

Ray tracing-based methods can often be very pro-
hibitive in terms of rendering time, as they require the
calculation and the sorting of multiple intersections be-
tween the rays and the objects that need to be shadowed.
Conversely, the key benefit of the shadow map-based
approaches is the light-oriented sampling of geometry,
which makes the computation of accumulative transmit-
tance straightforward. Actually, our method is inspired
by both. Combining a volumetric representation of den-
sity with a light-oriented sampling allows us to define a
practical and interactive self-shadowing algorithm.

1.2 Overview

Our goal is to provide an easy, accurate and efficient way
of casting shadows inside hair. Our method has to be
flexible enough to handle and accelerate simulations that
involve animated hair.

Our main contribution is to propose a new algorithmic
structure called 3D light-oriented shadow map that is in-
spired by both traditional 3D density volumes and more
recent 2D shadow maps as it combines an optimized vol-
umetric representation of hair with a light-oriented parti-
tion of space. This voxel structure stores the light attenua-
tion through the hair volume, and it is used to compute the
final color attributed to each hair drawing primitive (hair
segment for instance).

The main advantages of our method are the following:

e Our application is portable, simple to implement and
can render a whole hairstyle composed of thousands
of hair strands interactively on a standard CPU. Fur-
thermore, it can easily be parallelized to increase
performance.

e The approach is especially adapted to animated hair
since the algorithmic structures that we used are ef-
ficiently updated at each time step. Moreover we



show that our data structures provide an inexpensive
way of processing hair self-collisions.

e Our technique does not make any assumption about
the geometry of hair, and thus can be applied to ren-
der any hairstyle. It has been validated on various
hairstyles, either static or animated with different
kinds of motion.

Section 2 describes our 3D light-oriented shadow map
structure. Section 3 explains how the self-shadowing pro-
cess can be efficiently done by using this new structure.
Section 4 deals with the two extensions of the method: on
the one hand, we show that our 3D map is very helpful to
process hair self-collisions efficiently; on the other hand
we provide a parallelized version of our algorithm that
improves the global performance of the simulation. The
last two sections discuss results before concluding.

2 3D Light-Oriented Shadow Map

Our 3D shadow map is a uniform cubic voxel grid that
associates to each voxel (or cell) a density value and a
transmittance value.

The different hair models that we want to render are
composed of a set of segments, but our algorithm could
also apply to other kinds of geometry such as polygonal
surfaces for example.

2.1 A Light-Oriented Local Frame

In our method, the light rays are assumed to be parallel
(ie. coming from an infinitely distant source), which is
a reasonable assumption for handling common lighting
conditions like sun light. This point will be discussed in
conclusion.

Instead of having a fixed-oriented structure like in pre-
vious approaches, our map is always aligned with the
light direction. More precisely, the map is placed in a
local frame Z = (O, Xmap; Ymap: Lmap) Where Xqp co-
incides with the normalized light vector L and O is the
origin of the map (see Figure 3).

As we shall see in Section 3.2, this configuration is
very helpful for computing the accumulated transparen-
cies efficiently. Note that for non-animated data requir-
ing “dynamic” lighting (ie. a moving light), this choice
would not be appropriate since the material geometry is
to be recomputed each time the light moves. But in our
case, the geometry of hair needs to be updated at each
time step, so the moving light case does not yield extra
cost for us.

2.2 Object Space to Map Space

To occupy a limited memory, our data structure exploits
the fact that during animation, the hair volume is always
located inside a bounding box of constant spatial dimen-
sion. Indeed hair always remains attached to a scalp, and

hair strands are assumed to be inextensible. Storing hair
elements can thus be done inside a bounded structure,
provided we build a mapping function from the 3D ob-
ject space to this 3D bounding space.

The spatial dimension of the map is thus fixed and
only depends on the maximal length /,,,,0f a hair strand.
If the dimension of the map is superior or equal to
2 X lpax + Nmax, where hy,q. is the maximal dimension of
the head, it is ensured that the grid will always represent a
bounding volume for the hair at any time step. Of course,
the best choice for the dimension of the map is the mini-
mal number satisfying the constraint above.

The size (or resolution) of the map (ie. the number of
cells it contains) depends on the desired accuracy of self-
shadowing. Some tests have been made in Section 5 to
compare results using different map resolutions.

In the remainder of the paper, NCELLS will denote the
number of cells in each direction X,uap, Ymap and Zyqp
of the map frame %, and ds will represent the step of the
map, ie. the spatial dimension of a cell (see Figure 2).
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Figure 2: One cell of the map containing a point P. The
A parameters give the location of P inside the cell, and
will be useful for the filtering process (see Section 3.3).
By convention, each cell will store the quantity of light
received by its back side (yellow side).

To find the index of the cell corresponding to a point
P(x,y,z), the coordinates of P are first expressed in the
map frame % as (Xmap,Ymap,Zmap), and the following
mapping function then applied:

W R3 — [0..NCELLS]?
Xmap | *2¢2 | mod NCELLS
Ymap — | 2242 | mod NCELLS
Zmap I_ZIZZPJ mod NCELLS

Figure 3 shows the mapping between the object space
and the map space.

Thanks to the mapping function W, access to elements
of the map is done in constant time, which greatly con-
tributes to the efficiency of the method.
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Figure 3: Correspondence between the object space and
the map space. Because of the modulo operator in the
mapping function ¥, the first slice of the map (in light
order) does not necessarily have the lowest index. The
first slice and the last slice have consecutive indexes.

3 Self-Shadowing Algorithm

Our self-shadowing algorithm is composed of three main
steps: hair density filling (1), transmittance computa-
tion (2), and filtering (3). Initially, each cell of the map
has a null density (and we call it an empty cell).

The following figure summarizes the whole rendering
pipeline.

init map reset density

ComputeSelfShadows()
— -«

— Fill density map (1)

— Compute transmittance (2)

draw next frame

Draw()
For each vertex :
— Compute local illumination
— Filter transmittance (3)
— Compute final color of the vertex
— Send the vertex to the GPU

Figure 4: The rendering pipeline.

2In our case, each hair strand is drawn as an OpenGL line strip

3.1 Filling Hair Density into the Map

The first step of the algorithm consists of filling the map
with hair density. This is simply done by traversing the
geometry of hair and doing the following operations:

e Each hair strand s; is sampled using a Catmull-Rom
spline into nSmooth points P;;

e For each point P}, the density of the cell ¥(P) is
incremented.

Of course the resulting density value obtained for one
cell only makes sense relative to values of the other cells.
Indeed, each isolated density value is arbitrary, and es-
pecially depends on the number of sample points used
for each strand. Assuming that hair sampling is uniform,
which is a reasonable assumption, the relative density
multiplied by a scaling factor f approximates the light
fall off through the corresponding cell. This quantity is
commonly called the extinction parameter [15].

In practice, our hair sampling is the same as the one
that is used at the final drawing stage, in order to ensure
that each drawn vertex belongs to a non-empty cell.

3.2 Computing Transmittance
The fraction of light that penetrates to a point P of space
can be written as [15]:

() = exp(— [ x(t)ar) 0

where [ is the length of the path from the light to the point,
and k is the extinction function along the path.

The function 7 is called the transmittance function. A
sampled evaluation of 7 can be done by accumulating
transparencies of sampled regions along the light direc-
tion.

In our case, we need to evaluate the transmittance func-
tion at each cell of the map. To do this, we compute the
transparency of each cell (i, j, k) as:

t(ivjak) = exp(_Ki,jAkds) (2)

where the extinction coefficient k; ; x is computed using
the density value of the cell (i, j, k), as explained before
in Section 3.1: K; j x = f X d; j x where d; ; ; is the density
of cell (i, j,k) and f is a scaling factor.

The transparencies are then composited together to get
the final transmittance of each cell (i, j, k):

Trans(i, j,k) = ﬁ exp(—dy ;i fds) 3)

i .
U=lmin

where i, is the index of the map slice that is the closest
to the light (see Figure 3).



As we mentioned in the previous section, the nov-
elty of our approach in comparison with previous algo-
rithms using voxel grids is that cells are sorted along
the light direction: accumulating transparencies then be-
comes straightforward:

e A transmittance parameter prevTrans is first initial-
ized to 1 which is the proper value for a transparent
and fully illuminated cell;

e The column (j,k) is traversed, starting from slice
imin (the closest slice to the light) until slice i,y (the
furthest slice):

— If cell (i, j,k) is non-empty, its transmittance
is set to prevTrans x exp(—d; jfds) (using
Equation 3) and the parameter prevTrans is
updated to this value.

— Otherwise cell (i,j,k) is given the transmit-
tance prevTrans.

Note that some empty cells might also be in shadow,
since filling densities into the map does not necessary
yield a connective set of non-empty cells. Even if only
vertices belonging to non-empty cells will be drawn, giv-
ing a proper transmittance value to empty cells is impor-
tant because such cells could be involved in the filtering
process, if a non-empty cell has empty neighbors (see
next section). The algorithm described above guaran-
tees that every cell of the map has a proper transmittance
value.

3.3 Filtering and Composing Colors

I

Figure 5: The effect of filtering the transmittance val-
ues. Self-shadows without filtering (left): regular patterns
aligned with the map are visible. Self-shadows with fil-
tering (right): artefacts have vanished, hair looks coher-
ent.

Before drawing hair primitives, it is necessary to filter
transmittance values, otherwise regular patterns aligned
with the density map will be quite visible, as shown by
Figure 5.

For each point P that has to be sent to the GPU for final
drawing:

e We compute the relative position of P (4;,A;, )
with respect to its corresponding cell W(P) (see Fig-
ure 2).

e We compute filtered transmittance at point P by ap-
plying a trilinear interpolation as:

Transf(P) = Z AirAj’Ak’Tm”S(i/’j/’k/)
iefi-1,...,i}
jeli-1,.j}
Kefk—1,...k}
A ifi' =i
where Ay = { (1—2;) otherwise

(similar for A 7 and Ay/)

e Finally, the color ®p of vertex P is obtained by the
following equation:

q)P = (I)Ambignt+Transf(P) X ((I)Diffuse + (I)Specular(P))

4 Extensions

4.1 Handling Hair Self-Collisions

Because of the high number of hair strands composing a
human hairstyle, hair self-collisions represent a difficult
and computationally expensive issue in hair animation. In
practice, it often takes more than 80% of the simulation
time [21].

An acceptable approximation of hair self-interaction
consists of considering that internal collisions mainly re-
sult into the hair volume [14]. Starting from this assump-
tion, hair density information is very useful: if the density
is local over a fixed threshold (corresponding to maxi-
mum quantity of hair that can be contained in a cell), the
hair strands should undergo constraints that spread them
out.

Hair is animated using an approach closed to hair guid-
ance methods [5,4]. In our case, hair is composed of ap-
proximately a hundred wisps where each hair wisp is sim-
ulated through three guide hair strands. Each guide hair
strand is animated using a fast rigid links simulation [19].
Final rendered hair strands are simply interpolated from
the guide hair strands within each wisp.

Using the density map at each time step, hair self-
collisions are processed by applying repulsive forces
from the center of each cell having a too high den-
sity.  Although this method is extremely simple, it
yields convincing results.  Furthermore, this is a
very cheap way to handle hair self-collisions (it only
takes 2.5% of the whole processing time). Please
visit our website and watch our videos at http:/www-
evasion.imag.fr/Publications/2005/BMC05a/.



4.2 Parallelization of the Algorithm

Simulation Self-Shadows Rendering
Simulate - DEHSily‘
_g;;aﬁl;g::ir;)ce — Filter transmittance
% — Local illumination
Simulate - DensityA — Display
‘ —

Figure 6: A parallel version of our algorithm.

One advantage of having a CPU-based algorithm is that
parallelization can be considered in order to increase its
efficiency. As a matter of fact, the described method is
very well suited for such a technique. We present here
the parallel implementation of the simulation and self-
shadowing algorithms.

e Simulation: thanks to the use of the density-map
for handling self-collisions, each hair wisp can be
simulated independently. This allows for a straight-
forward parallelization where each processor com-
putes a part of the hair, gathering at the end their
partial results.

o Self-Shadowing: here again a straight-forward par-
allelization can be applied thanks to the fact that the
map is light-oriented. As described in Section 3.2,
the calculations for each column (j,k) can be done
independently.

We have tested this implementation on a standard PC
cluster and were able, using 3 CPUs, to easily double the
frame rate in comparison with the single processor results
given in the next section.

When trying to use more CPUs, the network gathering
and sending of the vertices to the GPU became the main
bottleneck. Sending vertex arrays directly to the GPU
should reduce this bottleneck.

5 Results and Discussion

Our algorithm has been applied both to static and dy-
namic hairstyles. In each case we compare it with ex-
isting methods in terms of quality and performance.

5.1 Rendering Static Hair

Figures 1 and 7 show that our self-shadowing algo-
rithm produces good visual results for merely synthetic
hairstyles as well as for hairstyles captured from real hair
geometry. We can see in Figure 7 that self-shadows make
volumetric wisps stand out, whereas no self-shadows flat-
ten the hair.

Figure 7: Applying our self-shadowing algorithm to a
hairstyle captured from photographs by the method of
Paris et. al [20]. The hairstyle is composed of 87,500
hair strands (1,123 K segments) and it took 2 seconds to
render it.

Figure 8 shows results obtained on curly hair when
using different map resolutions. We can notice that for
fine resolutions (128 x 128 or 256 x 256), curly wisps are
properly shadowed and their shape is thus clearly visible,
which is not the case for the coarsest resolutions. In prac-
tice, we found that a 128 x 128 resolution was sufficient
to account for small shape details of hair.

Figure 8: Evaluation of the quality of self-shadowing,
using different map resolutions. From left to right: 32 x
32 with ds = 0.5; 64 x 64 with ds = 0.2, 128 x 128 with
ds = 0.1 and 256 x 256 with ds = 0.05.

Map reset Trans  Filter Total

+ density + draw  rendering
Smooth 0.038 0.015 0.037 0.09
Curly 0.062 0.015 0.053 0.13

Table 1: Detailed performance of the rendering pro-
cess (computing density, transmittance, filtering and fi-
nal drawing) of a smooth hairstyle composed of 100K
segments and a curly hairstyle composed of 200K seg-
ments. The results are expressed in seconds per frame;
they have been obtained using an Intel P4 CPU at 3GHz.

In comparison with [17] our self-shadowing algorithm
runs at a higher frame rate (11 FPS instead of 6 FPS for
100K hair segments).



5.2 Rendering Dynamic Hair

Figure 9 shows two snapshots from our hair animations.
Our self-shadowing algorithm captures the fine disconti-
nuities observed in real hair during motion, as illustrated
in Figure 10.

Figure 9: A smooth brown hairstyle (100 K segments)
and a curly red hairstyle (200 K segments) animated with
different dance motions and interactively rendered with
our algorithm.

Anim Hair self- Rendering Total

collisions simu

Smooth | 0.067 0.003 0.09 0.16
Curly 0.254 0.003 0.13 0.557

Table 2: Detailed performance of the simulation (anima-
tion, rendering and hair self-collisions) of two hairstyles
composed of 134 animated wisps: a smooth hair style
(100K rendered segments) and a curly hair style (200 K
rendered segments). The results are expressed in seconds
per frame; they have been obtained using an Intel P4
CPU at 3GHz.

Table 2 gives the detailed performance of the whole
simulation, including animation, hair self-collisions and
rendering for both smooth and curly hairstyles. Note that
the animation time is not the same for the two hairstyles,
because it includes the update and the smoothing of the
interpolated hair strands.

A hair composed of 3350 hair strands and 100K seg-
ments is thus completely simulated at an interactive frame
rate of 6 FPS. For aesthetic results, we have implemented
hair-body collisions using a standard method based on
spheres approximation. Handling such collisions makes
the performance fall down to 3.5 FPS for the smooth
hairstyle, and 1.5 FPS for the curly hairstyle, but no op-
timization has been developed yet for that specific prob-
lem, considering it was beyond the scope of this paper.

In our approach, the hair volume is properly generated
using a repulsive force field based on local densities, as
explained in 4.1. However, this method does not account

for hair anisotropy nor wisps interpenetration. This could
be done by adding more information to the map, such as
hair orientation.

Figure 10: A real shadowed hair (left) and our
model (right) with similar lighting conditions.

6 Conclusion and Future Work

We have presented a new hair self-shadowing algorithm
based on a 3D-light oriented density map. Our approach
can interactively render various hairstyles composed of
thousands of hair strands, and yields convincing results.
Our algorithm can easily be parallelized to improve the
performance. Furthermore, we have shown that our den-
sity map is very helpful in accelerating the simulation
process, as it can be used to handle self-collisions in an
inexpensive way with good visual results. We are plan-
ning to use the hair density information again to optimize
hair-body collisions.

For simplicity purposes, our approach makes the as-
sumption of an infinitely distant source, which could be
a limitation for rendering scenes illuminated by punctual
sources. Yet, it seems that we could easily handle the case
of punctual sources by only changing our mapping func-
tion W. Instead of considering an uniform square space
partition, the new mapping function ¥’ should account
for an angular space partition starting from the source
point, and then sampled normally to the light rays.

Our method could also handle several light sources by
simply adding as many light-oriented maps as sources.
The final transmittance of a point P would have to be
interpolated between the transmittance values obtained
from the different sources.

To get a better precision in our computations for a low
cost, an interesting idea would be to follow the same ap-
proach as Mertens et. al [17] who build an adaptive slic-
ing along a light ray and thus get a better approximation
of the visibility function than approaches using a uniform
slicing.
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Abstract

We present novel methods for capturing the
key characteristics of hair influenced by water
and styling products. Our approach includes a
dynamics system that adaptively accounts for
changing stiffness and weight of the hair, a ge-
ometric representation that can alter the physi-
cal depiction of hair based on the substance(s)
present on it, and a rendering approach to ac-
count for the varying appearance of hair. Addi-
tionally, strands of hair can dynamically bond
together due to the introduction of water or
styling products. All of these properties can vary
on the fly as water or styling products are ap-
plied to the hair.

1 Introduction

Realistically simulating the motion and appear-
ance of hair is an important goal in modeling vir-
tual humans for many applications. In the real
world, external substances interact with hair,
thereby changing its physical behavior and out-
ward appearance. EXxisting hair modeling sys-
tems, however, have primarily focused on de-
picting the basic properties of hair, free of any
external influences. By capturing the essential
attributes of hair influenced by water and styling
products, an enhanced hair modeling system can
be used by beauticians, stylists, dermatologists
and other physicians to “preview” the hair ap-
pearance and movement under different condi-
tions.

Main Results. In this paper, we introduce sev-
eral fundamental techniques for modeling hair

that capture the key features of hair appearance
and behavior affected by external substances.
The main results are:

e A dual-skeleton system that decouples the
control of the local and global behavior of
hair providing an efficient localized colli-
sion detection method;

e Automatic adjustment of dynamic proper-
ties of hair due to external substances;

e Design of flexible geometric structures that
account for frequently changing hair vol-
ume;

e “Dynamic bonds” that model the adhesive
forces introduced by styling chemicals to
the hair;

e Approximation of lighting equations by pa-
rameterizing the key factors that affect the
visual appearance of wet hair.

Organization: Related work on hair model-
ing is briefly reviewed in Section 2. Section
3 presents some basic properties of hair in the
presence of water and styling products. The key
elements of our improved hair modeling sys-
tem are described in Section 4. The methods
for achieving the desired characteristics of hair
behavior and appearance due to the presence of
water and styling products are explained in Sec-
tions 5 and 6, respectively. Discussion of our
implementation and demonstration of the results
thereof are provided in Section 7. Finally, we
conclude with some future research directions.



2 Previous Work

2.1 Hair Modeling

Many techniques have been proposed to model
hair dynamics. Individual strands can be rep-
resented as a series of open chains of line seg-
ments and hairstyles are specified by using the
angles between them [1, 2, 3]. Groups of hair
strands that are in close proximity of one another
can be grouped together as “wisps”, each with
a single skeleton to control motion [3, 4, 5, 6].
Similarly, guide strands can be used to inter-
polate the motion of the guide skeleton to the
nearby strands within each hair cluster [7]. Fluid
dynamics have been used in combination with
individual strand dynamics to capture the com-
plex interactions of hair [8]. The work of
[9] produced hair-gel effects by retaining a de-
formed hairstyle shape where the product was
applied.

Most recently, multiresolution representa-
tions, either using a hierarchy of hair clusters for
styling [10], a combination of three discrete rep-
resentations (strands, clusters, and strips) [11],
or continuous, adaptive subdivision [12, 13],
have also been proposed to further speed up the
performance for hairstyling, modeling and sim-
ulation.

2.2 Hair Rendering

An anisotropic lighting model for hair was
presented in [14], which was efficiently im-
plemented with texture maps by [15]. Self-
shadowing due to intra-hair occlusion is a vital
feature. Opacity shadow maps [16] are less ex-
pensive than deep shadow maps [17] providing
similar visual effects. Most recently, [18] in-
troduced a new shading model that accounts for
various light scattering effects, generating pho-
torealistic appearances of hair.

3 Background

Before we describe our method for capturing the
primary effects of water and styling products on
hair, it is important to understand some physi-
cal properties of hair fibers and their interaction
with these substances.

3.1 Hair and Water

Hairs of most mammals, including humans,
mainly consist of the protein material «-keratin
[19]. Water acts as a plasticizer of the biopoly-
meric structure of keratin and is able to drasti-
cally modify many of the physical properties of
a-keratin fibers, including mechanical and elec-
trical properties. As a plasticizer, water changes
the longitudinal stiffness of fibers by as much as
a factor of three as water is fully absorbed into
the hair. Furthermore, hair fibers are highly per-
meable allowing hair to absorb 30 to 45% of its
own weight in water causing the fibers to swell
radially by about 16% as the hairs’ wetness in-
creases [20, 19].

While individual hair fibers swell due to the
absorption of water, wet strands in close prox-
imity with each other group together due to the
bonding nature of water. As a result, wet hair ap-
pears less voluminous in comparison to dry hair.
Figure 1 shows side by side images of a real per-
son with wet and dry hair. Note how much fuller
the hair is when it is dry than when it is wet.

(a) (b)
Figure 1: Real images of (a) dry and (b) wet
hair.

3.2 Hair and Styling Products

The purpose of cosmetic styling, or fixative,
products is to change the physical properties of
hair. Given the myriad of fixative products on
the market, we have chosen to look at the gen-
eral effects of styling aids on hair. The functions
of styling products are typically to hold a section
of hair in place, alter the feel of hair, and/or in-
crease the inter-fibril interactions of hair strands
[19]. The application of fixative products pre-
vents fibers from smoothly sliding over each
other.

Fixative products usually cause a high de-
gree of adhesiveness in hair, thereby causing



hair strands to cling together and move in large
groups wherever the product is applied. Poly-
mers constitute the primary active ingredient of
most styling products and they increase the stiff-
ness of the hair fibers, thus decreasing the gen-
eral motion of the hair. The most observable ef-
fects of fixative products are typically stiff hair
motion and the bundling of strands [19]. Fig-
ure 2 shows hair with and without styling prod-
ucts.

(a) (®)
Figure 2: Real images of hair (a) without and
(b) with styling products (hairspray).

4 Hair System

Here we introduce some of the key concepts for
our hair modeling system.

4.1 Motivation for Dual-skeleton System

Hair motion is subject to changes in the global
positioning of the strands, as well as localized
styling changes such as the elongation of a curl
under force. While the localized styling motion
can be made very stiff through the application of
a strong fixative product, the hair is still subject
to a global motion when forces are applied to it.

Wisp-based hair modeling systems, such as
[5, 12], have solved this problem by using a sin-
gle skeleton curve modeled as a set of particles
connected with rigid springs and hinges. Wavy
hairs are produced by specifying the number of
waves and amplitude of waves inside each wisp.
As the wisp segment stretches, the amplitude
and frequency of the waves are adjusted to show
the wavy hair stretching straight.

The single skeleton dynamics can capture
the deforming hairstyle, however there are no
checks to ensure that the length of the hair is pre-
served over time or that the collision detection

remains both accurate and efficient throughout
the simulation in light of the changing orienta-
tion and position of the hair inside of the wisp.

In order to capture both the global motion
and localized styling motion of hair, to en-
sure hair length preservation at all time, and to
maintain an accurate and efficient collision de-
tection method throughout the simulation, we
have created a dual-skeleton system for model-
ing hair. This dual-skeleton system provides a
single skeleton to control the global motion of
hair and a second one to provide a positioning
guide and localized collision detection scheme
for hair. We refer to these skeletons as the
global-skeleton and the local-skeleton, respec-
tively.

4.2 Dual-skeleton Setup

The global-skeleton is modeled as a series of
line segments connected by node points, N,
Ngi,.ors Ng(n_l), where n is the number of node
points. A hairstyle is defined by positioning the
local-skeleton in the desired form in relation to
the global-skeleton, see Figure 3. Let the line
segment between the N,; and Ny(;_;) global-
skeleton node points be the ith global-skeleton
segment, S,;. The ith local-skeleton node, Ny;,
lies in the plane perpendicular to S,; containing
Ng;. Each local-skeleton node has a defined an-
gular position to fix it around the global-skeleton
segment.
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Figure 3: Positioning of the local-skeleton rela-
tive to the global-skeleton.

The rendered hair geometry follows the form
of the local-skeleton. The hair strands are mod-
eled as subdivision curves [11]. Strands in
close proximity with each other are grouped
together to follow the same dual-skeleton sys-
tem. This grouping helps to capture the natural



clumping of strands due to external substances
or electrostatic forces that can be found in na-
ture. Once the dual-skeletons are created, circu-
lar cross-sections are defined at each node point
of the local-skeleton. The strands of hair are
placed randomly within the bounds of the cross-
sections.

4.3 Dynamics Model

There are two types of motion controlling the
global-skeleton. The first dictates the bending
of the strands by maintaining a spring force to
control the angular position of each node point
in relation to its neighbors. Second, soft springs
are used to control the elongation of the global-
skeleton. Each global-skeleton section is pre-
vented from stretching beyond the reach of its
corresponding local-skeleton section since the
length of the local-skeleton is preserved at all
times. For straight hair the nodes of the global-
skeleton are connected with rigid links and the
position of the local-skeleton is equal to that of
the global skeleton.

The only value to compute for updating the
position of the local-skeleton node is the dis-
tance of the node point from its corresponding
global-skeleton node point (see Figure 3). First,
the current distance between Ny; and Ny(;_q)
is calculated, dg;. The root node, Ny, of the
local-skeleton is set equal to the root node of the
global-skeleton. The distance between N;; and
Ny(i—1) of the local-skeleton is fixed, d;;. There-
fore, d;, the distance of N;; from Ny, is calcu-

lated by:
di =\/d? — dfﬂ.

Thus, as the global-skeleton elongates, increas-
ing dg;, the local-skeleton straightens and the
node points of the local-skeleton move closer to
the global-skeleton, decreasing d;.

4.4 Localized Collision Detection

The local-skeleton is used for collision detection
since the rendered strands adhere to its motion.
We utilize the collision detection system pro-
posed by [11, 13], which uses swept sphere vol-
umes (SSVs) [21] to encapsulate the hair. The
radii of the cross-sections at each local-skeleton
node point define the offset for the SSVs.

When a collision is detected between the hair
and body, the global-skeleton of the hair section
is moved so that the local-skeleton (and hair ge-
ometry) are outside of the body. All positional
changes are first made on the global-skeleton
and the local-skeleton follows the changes as de-
scribed in Section 4.2. It is important to note
that if the global-skeleton collides with an ob-
ject, but the SSVs of the hair, and the corre-
sponding local-skeleton, do not collide with the
object, then no action is taken.

Moreover, our method efficiently detects
hair-hair collisions by decomposing the space
encompassing the hair into three-dimensional
grids. SSVs that fall in the same grid cell are
tested against each other for overlap. If two
sections of hair overlap, we use the response
method of [5, 13] to push apart the hair sections
based on their respective orientations.

This localized collision detection method al-
lows the local-skeleton to be positioned farther
away from the global-skeleton, increasing d;,
while maintaining accurate collision detection.
This approach results in creating full, volumi-
nous hair. Our dual-skeleton system is thus able
to model more diverse types of hairstyles than
most existing techniques.

5 Modifications of Physical
Properties

We now account for various physical changes
that occur when hair absorbs water or when fix-
ative products are applied. The main character-
istics we emphasize are:

e Adjusting dynamics properties to ac-
count for changing mass and spring stiff-
ness of the hairs on-the-fly;

e Flexible geometric structure to allow the
hair volume to change due to the presence
of external substances;

e Bonds between strands that form and
break dynamically reflecting the connec-
tion of strands due to water or styling prod-
ucts.

5.1 Adjustment of Dynamic Properties

The first two physical changes on hair we ac-
count for are the changes in mass and spring
stiffness. As water is absorbed into hair fibers,



the mass of the hair increases up to 45% and the
stiffness of the hair fibers increases by a factor
of three. As styling products are applied to hair,
the stiffness of the hair is increased and the mass
of the hair is also increased due to the presence
of additional substances.

External forces, such as wind and gravity, are
applied to the node points following the standard
equation of force:

E =m; * a;
F; is the force applied to the ith node, m; and
a; are the mass and acceleration of the ith node,
respectively. We vary the mass of the nodes to
correspond to the length of the strand represent-
ing the nonuniform weight of strands from the
root of the strand to its tip.

As the fraction of wetness of the hair,
Sfwetness, increases to 100%, the mass of the hair
increases up to 45% of its initial dry weight. The

mass of the ith node, m;, is then calculated as:
mi = Mgryi + (mdryi * 45 O)fwetness

where mg.,,; is the initial, dry mass of the ith
node.

The internal forces acting on each node point
i consist of angular torque, Mg, and M, for the
# and ¢ components, as well as the spring force
controlling the length of each global-skeleton
section, Fj.,;. All of these internal forces are
spring forces containing separate spring con-
stants, kg;, kgi» Kieni» respectively. The final
spring force equations become:

]{\4492' = _]ifei(ei — o),

lenfn: _kle?zli%??l;i _¢ZZ?]26)7
where 6;, ¢;, 0,0, ¢;0 are the current angle val-
ues and resting angles of the ith node in polar
coordinates, respectively and d,; and dgy;o are
the current and resting lengths of the ith seg-
ment of the global-skeleton, respectively. With
a high, or stiff, k;.,, value, the hair will be able
to bend freely in the 6 and ¢ directions, but will
not stretch or compress as liberally.

As styling products are applied to the hair, the
spring constant k;.,, is increased. We found that
by increasing just the k., value we obtained
motion results similar to that of hairspray and
other fixative products. The amount to increase
the stiffness depends on the product that is being
used. However, we found that by using an im-
plicit integration technique [13], we were able
to increase this spring constant by a factor of 10
and maintain a stable simulation.

5.2 Flexible Geometric Structure

As explained in Section 3.1, as hair gets wet it
becomes less voluminous. To account for this
property, when water is applied to the hair, the
radii of the hair sections decrease accordingly.
At 100% wetness, the thickness of a group of
strands will be equal to the number of strands
times the thickness of a strand:

AreaO fGroup = (AreaO f Strand) * n;
WR; =+/nx*r
where W R; is the radius of the ith cross-section
at 100% wetness, n is the number of strands in
the current strand group, and r is the radius of a
single strand.

We extend this radius contraction to variable
amounts of wetness by creating a linear relation-
ship based on the amount of wetness in the sys-
tem:

CRz = DRz - (DRZ - WRi)fwetness
where C'R; is the current radius of the ith cross-
section, DR; is the dry radius of the ith cross-
section, and feimess 1S the fraction of water ab-
sorbed at the given time.

(@) (®)

Figure 4: Sections of curly hair progressively
getting wet: (a) 0% wetness (dry) (b)
50% wetness (c) 100% wetness.

Not all strands of hair are exactly the same
length, so our system reflects this observation
by varying the radius at each level of the strand
grouping. These effects are illustrated in Fig-
ure 4, which shows a section of curly hair at 0%,
50%, and 100% wetness.

As the radii of the strand groups fluctuate, the
offsets of the SSVs used for collision detection
are automatically updated reflecting the change.
This process is performed on-the-fly allowing
the radii of the strand groups to change dynami-
cally.



5.3 Dynamic Bonds between Strands

Due to the bonding effects of most fixative prod-
ucts, hair strands tend to adhere to each other
where the product has been applied. We have
extended the use of the static links exercised in
[7], which were used as breakable connections
between guide strands to enable hairstyle recov-
ery. In[7], these links were selected and setup at
the beginning of a hair simulation and were bro-
ken when they encountered excessive forces. In
our system, “dynamic bonds” that model bond-
ing forces between sections of hair are created
on-the-fly when fixative products are applied.
They can be created at any point in a simulation
at any place along the dual-skeletons.

Our dynamic bonds are modeled as spring
forces connecting two separate nodes of nearby
global-skeletons. Our hair-hair collision detec-
tion method, described in Section 4.4, identi-
fies which sections of hair are touching. When
a styling product is applied to the hair, each
section of hair maintains a list of the hair sec-
tions with which it is in contact. The dynamic
bonds are then formed connecting the corre-
sponding sections. A single section can have as
many bonds as hair sections it is touching. The
new bonding spring force, fyond, Detween two
global-skeleton nodes becomes:

fbond = _kbond(dcurrent - dim’tial)

where kg IS the spring constant of the bond,
deurrent 1S the current distance between the
nodes and d;,;;iqa; 1S the distance between the
two nodes when the fixative product is first ap-
plied.

Following methods similar to [7], these bonds
are broken when a large force is applied to it.
The force required to break the bond is directly
related to the strength of the spring constant
kvonda, Which is determined based on the amount
and strength of fixative product applied.

These dynamically forming and breaking
bonds cause large sections of hair to group to-
gether and move in union, reflecting the clump-
ing effect of real fixative products. Moreover,
these bonds restrict the strands’ ability to move
over or past each other, an effect exhibited in
real hairs due to the increased frictional force
caused by fixative products on hair [19].

6 Rendering

We model the hair strand reflections by light
scattered from a cylindrical surface[14] and en-
code an anisotropic lighting equation in a tex-
ture map as in [15]. Self-shadows are generated
by accumulating the opacity « of the strands hit
by the light rays along the light direction in the
hardware framebuffer, a technique called opac-
ity shadow maps [16].

6.1 Influence of Wetness

Wetness can make objects look darker, brighter,
and/or more specular. As noted by [22], the dif-
ferences in appearance are caused by a combina-
tion of the presence of liquid on the surface and
inside the material. When hair becomes wet, a
thin film of water is formed around the fibers.
The rough, tiled air-fiber interface, observed by
[18], changes to a smooth, mirror-like air-water
interface. Obviously, this change gives the hair
a shinier appearance due to specular reflections,
typically modeled by an increasing fall-off ex-
ponent in the Phong illumination shading model.

Due to water absorbed inside and surrounding
the hair fibers, the relative index of refraction
decreases. The absorption of light inside the hair
then increases due to a greater amount of total
internal reflection. This phenomenon causes a
darker appearance of wet hair in comparison to
dry hair. The increased opacity value also leads
to more aggressive self-shadowing.

Moreover, this relation implies that a smaller
fraction of light that is radiated by the hair has
traversed the fiber core. Hair fibers have a pig-
mented core at the center of the cylindrical vol-
ume, the source of its apparent color. Therefore,
only the fraction of light rays that traversed the
hair core are responsible for the color we ob-
serve [18]. Consequently, with increasing wet-
ness, the hair radiates an increasing fraction of
colorless light, originated at the air-water sur-
face reflections. This effect contributes to the
shinier appearance of wet hair over dry.

The three main parameters in our shading
algorithm are: «, which controls the opacity
shadow map [16], s is the exponent for the spec-
ular reflection term, and f, determines the con-
tribution of (partly) non-colored anisotropic re-
flection. The rendering equation for each hair



strand can be expressed as:

I, = (1= fa)kala+ fa(ka(L, N')+ks(V, R)*)1;
where L is the light direction, N’ is the projec-
tion of the light vector L onto the normal plane
[15], and R is the reflected direction. The dif-
fuse color k.14 is simply the strand color, while
the incoming light from the scene is I;.

We have captured the interactions of light
with the wet strands by varying the rendering
parameters based on the amount of water present
on the hair. More specifically, we control the pa-
rameter vector Vi, = [a, s, fq]. Extreme values
are empirically obtained, defined by Vp”“'" and
V%%, Depending on the wetness percentage
fwetness, We then linearly interpolate according
to the following formula:

Vp — mein 4 fwetness (meax _ mein)
As the wetness factor varies between 0% and
100%, the parameters vary accordingly, creating
a damped or wet look for the hair strands.

7 Results and Analysis

We have implemented our hair modeling system
in C++ and displayed the images using OpenGL.

7.1 Comparison

The results of our simulations are illustrated in
Figure 5, showing, from left to right, the same
hairstyle (red long, curly hair) blowing in the
wind with different effects. Note that the wet
hair is not as voluminous as the dry hair. Also,
the hair with fixative products present retains
tighter curls than the dry hair when carried by
the wind, and moves together in larger bundles
of hair. For further demonstrations and addi-

tional images, please visit our project website:
http://gamma.cs.unc.edu/HairWs
Our system requires no pre-computations to

dynamically add water or styling products to the
hair. As a result, our simulations run at approx-
imately the same rate with or without external
substances present. On average the results took
4.16 seconds per frame for simulation and 0.34
seconds per frame for rendering. Timings were
taken on a PC with a 1.8 Ghz processor, 1 GB
RAM, and a GeForce 4 graphics card, for the
hair shown in Figure 5. This hairstyle has an av-
erage of 16 nodes per strand and a total of 9,680
rendered strands.

7.2 Limitations

Our current implementation applies a general
wetness factor, as well as amount and type of
fixative product, to the entire head of hair to il-
lustrate the general effects of the substances on
the hair. However, the ability to apply water and
styling products to a specific section of hair is
a feature that would be useful to an interactive
virtual hairstyling system.

Furthermore, while a ray-tracing or photon-
mapping implementation would give more ac-
curate rendering results, we chose to use an ap-
proximate, faster rendering algorithm so that our
work could be easily integrated with techniques
using multiresolution representations [10, 11,
12, 13] for interactive styling.

8 Conclusion and Future Work

We presented several simple yet effective tech-
niques to account for the influence of water and
styling products on hair behavior and visual ap-
pearance. The methods we have presented may
be used together or integrated separately into
varying hair modeling schemes. We plan to inte-
grate these techniques with multiresolution rep-
resentations [10, 11, 12, 13] to further improve
runtime performance and integrate the resulting
system with a 3D interface for interactive virtual
hairstyling.
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ABSTRACT

We have developed a physically-based VR system that enables
users to interactively style dynamic virtual hair by using multi-
resolution simulation techniques and graphics hardware rendering
acceleration for simulating and rendering hair in real time. With a
3D haptic interface, users can directly manipulate and position hair
strands, as well as employ real-world styling applications (cutting,
blow-drying, etc.) to create hairstyles more intuitively than previ-
ous techniques.

1 INTRODUCTION

Virtual environments created for interactive hairstyling can be used
to understand and specify detailed hair properties for several appli-
cations, including cosmetic prototyping, education and entertain-
ment, and cosmetologist training. Accurate virtual hairstyling re-
quires both high performance simulation and realistic rendering to
enable interactive manipulation and incorporation of fine details.
The appearance of hairstyles results from physical properties of
hair and hair mutual interactions. Therefore, hair dynamics should
be incorporated to mimic the process of real-world hairstyle cre-
ation. However, due to the performance requirement, many inter-
active hair modeling algorithms tend to lack important, complex
features of hair, including hair interactions, dynamic clustering of
hair strands, and intricate self-shadowing effects.

An intuitive virtual hairstyling tool needs to take into account
user interaction with dynamic hair. Until recently, the complex-
ity of animating and rendering hair had been too computationally
costly to accurately model hair’s essential features at desired rates.
As a result, many hairstyling methods ignore dynamic simulation
and/or user interaction, which creates an unnatural styling process
in comparison to what would be expected in practice.

Main Results: In this paper, we present a physically-based vir-
tual reality system that mimics real-world hairstyling processes and
requires no knowledge other than common hair manipulation tech-
niques. By using multi-resolution simulation techniques and pro-
grammable graphics hardware, we developed a physically-based
virtual hair salon system that animates and renders hair at accel-
erated rates, allowing users to interactively style virtual hair in a
natural manner. With an intuitive 3D haptic interface, users can di-
rectly manipulate and position hair strands, as well as employ real-
world styling applications (e.g. cutting, wetting, applying styling
products) to create hairstyles as they would in the physical world.
The main characteristics of our system are the following:

e Direct 3D hair manipulation with a haptic interface: We
use a commercially available haptic device to provide an intu-

*Supported in part by Army Research Office, National Science Founda-
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Figure 1: Hairstyle interactively created using our system.

itive 3D user interface, allowing the users to directly manipu-
late the hair in a manner similar to real-world hairstyling.

e Visually plausible rendering: By exploiting the capability
of programmable graphics hardware and multi-resolution rep-
resentations, we can render plausible hair appearance due to
self-shadowing, wet surfaces, etc. in real time on current com-
modity desktop PCs.

e Multi-resolution hairstyling: We achieve interactive hair
simulation by using level-of-detail representations, which ac-
celerate dynamics computation and enable adaptive hair clus-
tering and subdivision on the fly.

e Physically-based interaction: By modeling hair’s properties
and dynamic behavior in the presence of water and styling
products, we introduce the ability to interactively apply hair-
spray, wet, blow-dry, cut, and manipulate hair as in the physi-
cal world, like no other systems can at present.

Figure 1 illustrates a hairstyle created by a naive user using our
virtual hairstyling system in less than 10 minutes.

Organization: The rest of this sketch is organized as follows. Re-
lated work is briefly reviewed in Section 2. Section 3 presents the
user interface for the system. The dynamic simulation and render-
ing of hair are described in Section 4. Details of user interaction
and application features are discussed in Section 5. Finally, we
conclude with some results and possible future research directions
in Section 6.

2 RELATED WORK

Hair modeling involves hair shape modeling, dynamic hair simula-
tion, and hair rendering. An overview of work in these areas can
be found in [5]. Our summary of related material is limited to the
multi-resolution simulation and rendering methods this work ex-
tends.



We use the three LOD representations and adaptive grouping and
splitting process introduced in [11, 10]. The representation and res-
olution of a volume of hair is controlled by a hair hierarchy that
is constructed by the continual subdivision of hair strips, clusters,
and strand groups. Throughout the simulation, the hair hierarchy is
traversed on the fly to find the appropriate representation and reso-
lution for a given section of hair adaptively.

In[11, 10], an appropriate LOD representation was chosen based
on the hair’s importance to the application. Sections of hair that
could be viewed well were simulated and rendered with high detail.
Also, as a section of hair moves rapidly, a high LOD was used to
capture the intricate detail, similarly performed by [1]. These cri-
teria aided in accelerating simulation and rendering without losing
much visual fidelity.

In this work, we couple the hair hierarchy with a simulation lo-
calization scheme (see Section 4.2) to achieve interactive hair an-
imation. Moreover, our LOD selection criteria differ from that of
[11, 10] to include areas of user interaction and an additional em-
phasis on the hair’s motion.

3 USER INTERFACE

Our prototype system uses a SensAble Technologies’” PHANToM
as a 3D user input device. The real-time display of the PHANToM
input is rendered using a commercial haptic toolkit called GHOST.
The position and orientation of the device are updated and rendered
at each frame.

A 2D menu is projected onto the 3D scene containing the avatar
and hair model. Figure 2 illustrates a user operating the system.
The user can interact with both the 3D scene and 2D menu using
the PHANTOM stylus in a seamless fashion. The user interactively
positions the stylus over the 2D menu icons and pushes the stylus
button to choose the desired application. The position, orientation,
and range of influence of the application are depicted in the scene.
As the user moves the stylus, the application’s area of influence
interactively follows the position and orientation of the user’s hand
in 3D. The camera is controlled through the mouse.

'

Figure 2: User Interface: PHANToM provides 3D user input and 2D
menu buttons are labeled with icons to show applications.

4 INTERACTIVE HAIR SIMULATION AND RENDERING

Hairstyling in the natural world is performed by focusing on spe-
cific sections of hair and executing a desired task to a given area.
This focus correlates naturally with the use of multi-resolution tech-
niques to simulate hair. Moreover, accelerated hair rendering is re-
quired for user interaction.

4.1 Dynamics and Collision Detection

Each LOD hair representation (strips, clusters, and strands) follows
the same dynamics model for motion. We use the dual-skeleton

system introduced by [9] for controlling the hair’s dynamics. The
dual-skeleton system is compelling in that it can capture the details
of typical dry hair as well as wet hair and hair with hairspray, or
some other styling products applied.

We have utilized the localized collision detection model of [9]
that is based on the dual-skeleton setup and the family of swept
sphere volumes (SSVs). A swept sphere volume is created by taking
a core shape, such as a point, a line, or a rectangle, and growing
outward by some offset. The SSVs encapsulate the hair geometry
(of any type or resolution LOD) and are used as bounding volumes
for collision detection.

Both hair-hair and hair-object collision detection is performed
by checking for intersection between corresponding pairs of SSVs;
this is done by calculating the distance between the core shapes and
subtracting the appropriate offsets. Hair-object collisions are han-
dled by moving the hair section outside of the body and that hair
section is restricted to only move tangential to or away from the
object, based on the object’s normal direction. Hair-hair collisions
are processed by pushing the hair sections apart based on their re-
spective orientations as explained in methods by [8, 10].

4.2 Simulation Localization

(C)) (b)
Figure 3: (a) Shows all of the grid cells that contain hair geometry
(b) Highlights the cells that will be effected by the current application
(applying water).

We use a spatial decomposition scheme to rapidly determine the
high activity areas of the hair; these areas are then simulated with
finer detail. We use a uniform grid consisting of axis-aligned cells
that encompass the area around the hair and human avatar. Spatial
decomposition schemes have been utilized previously for hair-hair
interaction methods where sections of hair that are located in the
same cell will be tested against each other for overlap. We have
extended this process to all features of hair simulation, not just col-
lision detection.

4.2.1 Insertion into the Grid

The polygons of the avatar, or other objects, are placed into the grid
to determine potential collisions with the hair. Object positions only
need to be updated within the grid if the object is moving, otherwise
the initial insertion is sufficient.

Every time a section of hair moves, or the skeleton for simula-
tion is updated, its line swept spheres (LSSs) or rectangular swept
spheres (RSSs) are inserted into the grid. An SSV is inserted into
the grid by determining which cells first contain the core shape of
the SSV (line or rectangle), then the offset of the SSVs are used to
determine the remaining inhabited cells. Figure 3(a) shows the grid
cells that contain hair geometry.

When the user employs an application (e.g. spraying water, grab-
bing the hair) the grid is used to indicate which portions of the hair
are potentially affected by the user’s action. As the user moves the
PHANTOM stylus, its position and orientation are updated. Each



application has an area of influence that defines where in space its
action will have an effect. This area is defined as a triangle for the
cutting tool and a cone for the remaining tools. The cone of in-
fluence is defined by the application’s position, orientation, length,
and cutoff angle. These properties define the cone’s position in the
grid. Inserting the cone becomes similar to inserting an LSS, but
the offset becomes a variable of radius along the core line (an SSV
has a constant offset along its core shape). The triangle for cutting
is defined by the space between the open blades of a pair of scissors.

4.2.2 Retrieval from the Grid

Grid-cells that contain both impenetrable triangles (from the avatar
or another object in the scene) and hair geometry are marked to be
checked for hair-object collision. Only these cells contain a poten-
tially colliding pair. Similarly, any grid cell containing more than
one section of hair is marked to be checked for hair-hair collisions.

Likewise, the grid maintains a list of grid-cells where the user
interaction cone or triangle has been inserted. Any of these grid
cells that contain hair geometry are returned and the sections of hair
within the cell are independently checked to see if they fall within
the area of influence, see Figure 3.

4.3 Multi-Resolution Simulation with the Grid

The grid aids us to localize our simulation on the areas of highest
importance to the user. These areas are defined based on their dis-
tance from the viewer, visibility, motion, and the user’s interaction
with the hair. We adopted the method for choosing a level of detail
based on distance and visibility created previously by [11], but have
used our grid-based system to expand on the motion criteria and to
include the user’s interaction with the hair.

The motion of the hair is highly pertinent to the amount of detail
needed to simulate the hair. Most applications performed on hair
are localized to a small portion of the hair; the majority of the hair
thus lies dormant. The sections of hair that are dormant are mod-
eled with a lower LOD representation and resolution, determined
by comparison against velocity thresholds, but we have gone a step
further by effectively “turning-oft™ simulation for areas where there
is no activity.

Each grid cell keeps track of the activity within the cell, tracking
the hair sections that enter and exit the cell. When the action in a
given cell has ceased and the hair sections in the cell have a zero
velocity, there is no need to compute dynamic simulation due to
gravity, spring forces, or collisions. The positions of the hair sec-
tions are thus frozen until they are re-activated. The cell is labeled
as dormant and does not become active again until either the user
interacts with the cell or until a new hair section enters the cell.

Rapid determination of the active cells and hair sections allows
us to place the computational resources towards dynamic simula-
tion for the hairs of highest interest to the user.

4.4 Real-Time Rendering

In order to guarantee a convincing and interactive experience for
the user, our rendering algorithm has to run in real time and produce
realistic images at the same time.

We implemented two separate specular highlights, due to the
multiple modes of scattering inside and on the surface of the hair
fibers observed by Marschner et al. [6]. We compute both specular
terms by shifting the hair tangent in Kayija’s original formulation
[3] towards the hair root and towards the hair tip applying separate
falloft exponents. The shifted tangents are used in the formulation
proposed in [2]. All operations were performed in a fragment pro-
gram for efficiency.

Realistic hair self-shadowing effects are hard to implement effi-
ciently due to the large amount of dynamic geometry and the fine-
ness of the hair strands. Our self-shadowing algorithm is based on
opacity shadow maps created by [4] and recent GPU features [7];
it generates 16 opacity shadow maps in only one pass with multiple
render targets, plus an extra pass for the actual rendering, without
depth ordering required. As in [4], the opacity maps are placed at
uniformly sampled distances from the eye, orthogonal to the view
direction. Each of the four render targets holds four opacity maps,
one in each 16-bit floating point component.

5 USER INTERACTION AND APPLICATIONS

Given our system for simulating and rendering hair described in the
previous section, a user can now directly interact with hair through
the 3D user interface and use operations commonly performed in
hair salons. The operations supported in our system are described
in this section.

5.1 Hair Cutting

Cutting hair is crucial for changing a hair’s style, see Figure 4. Our
cutting method models cuts performed with scissors. We model
all the features of the cut, including capturing the hair that falls
away or that is “cut-off”’. The location for cutting is defined by a
triangle formed by the space between the open blades of scissors.
Hair skeletons that intersect this triangle are then cut. At the cutting
location, the skeleton S is split into two separate skeletons, S; and
S,; S1 remains attached to the scalp, while S, falls down.

At the intersection of skeleton S and the cutting triangle, two new
control points are created. One control point becomes the last point
of skeleton Sy, while the second becomes the first point of S;. The
geometry of the fallen hairs remains consistent with the geometry of
the hair below the sever point before the cut is performed; curliness,
wetness, hair distribution and other properties are maintained in the
fallen hair segments.

Figure 4: Example of haircutting, far right shows final style.

5.2 Applying Water, Hairspray and Mousse

Wet hair is modeled using the technique described in [9]. When
water is applied to the hair, the mass points of the global-skeleton
become heavier with the mass of the water. The overall motion of
the hair is limited due to the extra weight and if the hair is curly,
the global-skeleton will stretch under the extra weight and the curls
will lengthen as expected. The volume of the hair in the areas where
water is applied is decreased by constricting the radius of the cur-
rent hair representation (strand grouping, cluster, or strip); these
hair segments are then rendered to show the wet appearance as de-
scribed by [9].

Hairspray is simulated on the hair by increasing the spring con-
stants of the global-skeleton where it is applied. Moreover, dynamic
bonds [9] are added between sections of hair that are in contact
when the hairspray is applied. Dynamic bonds are extra spring



forces that model the adhesive quality of hairspray to make the hair
move as a group throughout subsequent motions.

We have chosen to model hair mousse that adds volume to hair.
We inject volume into the hair model by growing the radii of the
hair sections it affects. This process makes the hair fuller without
adding more strands or skeletons.

5.3 Grabbing and Moving Hair

Typically when hair is clasped in the real world, a group of strands
are selected at a local point along the strands. The user presses the
stylus button and the control points that fall within the cone of in-
fluence are decided. Among these selected control points, only one
control point per dual-skeleton is permitted to be grabbed. If multi-
ple control points of a single dual-skeleton fall within the cone, the
point that comes closest to the cone’s center will be chosen.

In the grabbed state, as the user moves the stylus, the grabbed-
point will follow the motion of the stylus. A grabbed-point cannot
be pulled beyond its normal reach span (decided by its position in
the dual-skeleton). The length of the hair is always maintained so
that the lengths above the grabbed-point and below it are of con-
sistent lengths while the point is moving. When the user wishes
to release the grabbed-point(s), he or she releases the button of the
stylus and the former grabbed-points will fall due to gravity.

5.4 Hairdryer

Hairdryers are one of the most common tools in a hair salon. When
the stylus button is pressed, a strong constant force is applied in
the direction of its orientation. Any control points that fall within
the cone of influence receive this strong force. Moreover, if a wet
control point (see Section 5.2) is influenced by the hairdryer, the
control point will “dry”; the amount of water will decrease over the
length of exposure dependent on the strength of the hairdryer force.

6 RESULTS AND DISCUSSION

Our virtual hairstyling system demonstrates the usefulness of our
multi-resolution techniques for interactive hair modeling and was
implemented in C++. The initial hairstyles are loaded as a pre-
process.
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Figure 5: Comparison between real (top) and virtual use of common
hair salon activities (left) applying water (right) blow-drying hair.

We have been able to allow physically-based user interaction
with dynamic hair while modeling several common hair salon ap-
plications. Figure 5 shows a comparison of real hair under the in-
fluence of common hairstyling applications with virtual hair styled

by our system under the same conditions. Level-of-detail represen-
tations coupled with our simulation localization scheme have accel-
erated the animation of hair so that a user can actually interact with
1t.

Dynamic simulation, including implicit integration, LOD selec-
tion, hair applications (wetting, cutting, etc.), and collision detec-
tion, to create the hair model shown in Figure 1 ran at an aver-
age of 0.092 sec/frame. This figure comprised between 37 to 296
skeleton models, determined on-the-fly throughout the simulation,
with an average of 20 control points each. At the finest resolution,
the model contained 8,128 rendered strands; throughout the simula-
tion the rendering LOD contained between 6K and 1,311K rendered
vertices. Lighting and shadow computations on the GPU were per-
formed in 0.058 sec/frame on average. The benchmarks were mea-
sured on a desktop PC equipped with an Intel® Xeon™ 2.8Ghz
processor with 2.0 GB RAM and an NVIDIA®) GeForce™ 6300
graphics card.

7 SUMMARY

We presented a prototype VR system involving an intuitive 3D user
interface and methods for animating and rendering hair that allows
for a user to interactively manipulate hair through several com-
mon hair salon applications. This system provides a level of user
interaction that has been previously too complex to achieve. We
are interested to explore the use of two-handed haptic gloves with
our system to provide higher fidelity force feedback to the user,
while allowing for further interaction capability and the creation of
even more complex hairstyles. User studies involving professional
stylists and novices on using this VR salon system would help to
determine the effectiveness of this work.
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Abstract

This paper presents a new physically-based method for predicting natural hairstyles in the presence of gravity
and collisions. The method is based upon a mechanically accurate model for static elastic rods (Kirchhoff model),
which accounts for the natural curliness of hair, as well as for hair ellipticity. The equilibrium shape is computed in
a stable and easy way by energy minimization. This yields various typical hair configurations that can be observed
in the real world, such as ringlets. As our results show, the method can generate different hair types with a very
few input parameters, and perform virtual hairdressing operations such as wetting, cutting and drying hair.

Categories and Subject Descriptors (according to ACM CCS): 1.3.5 [Computer Graphics]: Physically based modeling

1. Introduction and Previous Work

Due to the relevance of hair in the overall appearance of a
character, many recent works have focused on the challeng-
ing issue of virtual hairstyling. However, there is currently
no hairstyling method able to account for the structural prop-
erties of the different hair types existing in the world - Asian,
African and Caucasoid hair - nor to predict how a given hair
would look as it grows or gets wet. Such a model would
prove very useful for performing virtual hairdressing opera-
tions on any given hair type.

The geometry of human hair results from complex biolog-
ical and mechanical processes. Most CG hairstyling meth-
ods reproduce this result using procedural techniques and
manual editing [KNO2, CKO5]. This gives a high controlla-
bility, but also requires some significant input and model-
ing skills from the user. Several attempts have been made
to use physically-based modelling in the design of hairstyles
[AUK92, HMTOO]. In these approaches, the finest geome-

(© The Eurographics Association 2005.

tric hair details, such as curls or waves, are still added in
a procedural way. Image-based reconstruction techniques
have recently proved useful in capturing the geometry of real
hair [PBS04]. However, as they only model the visible part
of hair, these methods can hardly capture the geometry of
curly hair because of the occlusion issue.

Our method is physically-based, and relies on the Kirch-
hoff equations for static Cosserat rods. This accurate me-
chanical model, which accounts for the curvatures and twist
deformation of elastic rods, was first introduced to the CG
community by Pai [Pai02]. Our specific contributions are:

1. An improvement of Pai’s model, namely a new formu-
lation of the Kirchhoff equations for an elastic rod in the
static case, based on energy minimization. This allows for
handling external forces such as response to collisions,
while still providing efficiency and robustness.

2. The extension of Pai’s model to handle elliptic strands.
This is mandatory for dealing with hair from different
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ethnies, since both the eccentricity! and the natural curli-
ness play a great role in the overall hair shape.

3. A very simple handling of basic hairstyling operations
such as wetting, cutting and drying, since only a few in-
tuitive physical parameters need to be changed (length,
mean radius and Young modulus). This opens the way
for the design of future virtual prototyping systems to be
used by hairdressers.

2. Static Simulation of a Hair Strand

Building an accurate hair strand model first requires a good
understanding of its geometric and mechanical properties.
A hair strand is a very thin and light elliptic tube that de-
forms in an anisotropic way. Whereas it can easily bend and
sometimes twist, it strongly resists stretching and shearing.
A hair strand also has elastic properties as it tends to recover
its original shape after the stress applied on it has been re-
moved. Lastly, a real hair strand can be naturally straight,
wavy or curly.

As suggested by Audoly and Pomeau [APO5], we repre-
sent a hair strand as a Cosserat rod obeying the Kirchhoff
equations. These equations describe elastic rods subject to
arbitrary external forces such as gravity.

2.1. Cosserat Model for Rods

‘We define a hair strand as an inextensible, unshearable rod,
with a boundary condition on the position and the orientation
at the root (imposed by the hair clamping on the scalp). In
this section, the strand is submitted to the gravity field only.

In the Cosserat model, the configuration of a rod is de-
scribed by its centerline, a space curve r(s) (where s denotes
the curvilinear abscissa of the rod), and a material frame
F(s) = (n1(s),m(s),t(s)) attached to each point on this
curve (see Figure 1, left). Usually, vector t is the local tan-
gent of the centerline r(s), and vectors nj and n; are lying
in the plane of the local cross section of the rod. In our case,
n; and ny are the principal axis of the elliptic cross section.

A Cosserat rod can locally bend in both directions n; and
Ny, or twist onto itself. The amount of bending around n and
ny, and the amount of twisting are respectively characterized
by (material) curvatures x| and K, and torsion T, through the
following kinematics equations:

Ju;
L =Qxu (1)
ds
where Q = K| ny + K, ny +ttis the rotation vector of the rod
and u;j is ny, ny, tfor i = 1, 2, 3 respectively.

As previously mentioned, hair can be naturally curly. This

intrinsic curliness can be expressed by natural curvatures and

torsion K(l), Kg and ‘CO, which describe the state of the rod

' We use the mathematical definition of the eccentricity e of an el-
lipse. Thus, e = 0 for a circle and e increases as the ellipse flattens.

with no applied force. In the case of hair, it is reasonable to
assume that natural curvatures and torsion are roughly con-
stant along the hair shaft. As a result, the configuration of a
hair strand in the absence of gravity is a helix (this is easy to
show, knowing that rotation vector Q is a constant vector).

2.2. Potential Energy

We are looking for stable equilibrium configurations of a
strand in the gravity field. One solution would consist of
solving the Kirchhoff’s equations for static rods [Pai02].
However, the nonlinearities in these equations and the
boundary conditions that need to be imposed at both the free
and the clamped ends prevent the equations from being inte-
grated in a single pass, and one is forced to iterate the inte-
gration. Instead, our new approach is based on energy min-
imization. It offers the advantage of being both robust and
computationally cheaper, which is essential when handling
a large number of hair strands. Our method can also account
for collision forces, as demonstrated in section 3.1.

Finding static configurations of a physical system is
equivalent to the search for its minimal potential energy. The
potential energy of a rod of length L formulates as:

éahair = éag + éae (2)

where & is the internal elastic energy of the rod and &} the
energy of the rod accounting for gravity. Assuming hair to
be a rod of elliptic cross section and obeying Hooke’s law
for elasticity, the elastic energy &, can be written as:

b= [ TR (a9 -2+ B2 (a9 -7+ (-l )
where E is the Young modulus, u the Poisson ratio, /;
(resp. I) the momentum of inertia of the rod’s cross section
with respect to ny (resp. to np) and J the axial momentum of
inertia. Momenta of inertia depend on the principal radii of
the cross section, and thus on hair’s eccentricity e.

Potential gravitational energy &, can be written as:

L
& = pSg/O z(s)ds )

where p is the volumic mass of the rod, S the area of its
cross section, g the gravity field value and z(s) the vertical
coordinate of element ds at curvilinear abscissa s.

Note that the minimum for &},,;, results from a balance of
two antagonistic effects: the tendency to recover a naturally
helical shape, represented by &, and the downward pull of
gravity, represented by &.

2.3. Numerical Solving

We first divide the rod into 7 slices s; of equal length ds, for
the sake of simplicity. Along each (small) slice s;, curvatures
and torsion are assumed to be constant. We note C,, the vec-
tor of size 3 X n composed of the n curvatures Kli, Ké and
torsions T'. Given the fact that the initial material frame #

(© The Eurographics Association 2005.
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is imposed by the clamping into the scalp, vector C, defines
a unique configuration for the rod.

Our aim is first to find the vector C,, that minimizes the
discrete energy &, and then to compute the corresponding
configuration of the rod. Our algorithm is as follows:

o We first initialize energy &),,; and vector Cy;
e Then, until energy &, stops decreasing, we iteratively
proceed the following steps:

1. Compute the elastic energy &, using Equation (3);

2. Calculate formally the configuration (r(s), #(s)) of
the rod, each slice being a helix;

3. Compute the potential energy &, which requires the
integration of the kinematic relations (1), in order to
determine the function z(s). Indeed, z(s) =< r(s),z >
under the condition z(0) = 0, where z is the vertical
normalized axis. Using the relation t = %, we get the
following expression for &:

L
éag:pSg/O (L—s") <t(s'),z>ds )

which can be accurately evaluated in practice.
4. Perform a minimization step for &, = & + &, using
a fast gradient descent approach [FP63].

e Knowing the vector C,, that minimizes energy &, we com-
pute the final geometric configuration (r, %) of the rod.

Some typical strand configurations obtained by our
method are shown in Figures 1 and 2 (left). Our method is
fast enough to handle several hair strands (sampled into 15
points) in real-time, and a hundred strands within a few sec-
onds. This enables to use the method within an interactive
hairstyling system.

Figure 2: Left: simulating a curly hair strand with differ-
ent eccentricity values; note that increasing the eccentric-
ity increases the regularity of the curls along the strand.
Right: a curly hair strand growing on a sphere.

3. Full Hair Modeling

Similarly to the approach of Choe et al. [CKO05], we model
hair as a set of wisps where each wisp is composed of a
master strand and of numerous other strands that are proce-
durally generated within a generalized cylinder surrounding

(© The Eurographics Association 2005.

the master strand. The shape of the master strand is physi-
cally computed by energy minimization, as explained above,
whereas the shape of the other strands is generated using a
stochastic process similar to the one used in [CKO5].

3.1. Collisions

For creating realistic hairstyles, it is necessary to account for
both hair-body collisions and hair self-collisions. The latter
are essential for giving an adequate volume to hair.

In our model, each wisp is modelled by a skeleton com-
posed of the sample points of the master strand, and a thick-
ness riv that is computed according to several factors such as
the number of hair strands within the wisp and the level of
hair curliness. The body is approximated by a set of spheres
for collision detection and response. We compute the colli-
sion response using elastic penalty forces F.. The advantage
is that such forces derive from a potential energy &;. As our
static model is based on energy minimization, accounting
for this kind of force simply amounts to minimizing the new
energy &, defined by:

éahair = éag +&+ &

In practice, & is computed using the amount x of penetra-
tion: & = %kxz, where k is a stiffness parameter. As illus-
trated in Figure 2 (right), this method properly accounts for
the contacts between hair and a sphere.

Hair self-collisions are computed using the multiple layer
hulls method developed by Lee and Ko [LKO1]. Results
show that this method is satisfying in the static case, and
properly accounts for the hair volume.

3.2. Hairstyling Editing Tools

This section briefly presents the virtual hairstyling tools that
are provided to the user for creating natural hairstyles. The
great advantage of our approach in comparison with exist-
ing ones is that usual hairstyling operations such as curling,
wetting, cutting or drying hair become straightforward.

Hair wetting has a direct impact on the hair shape,
as its stiffness coefficient is roughly divided by a factor
10 [Rob02]. Moreover, as a hair strand absorbs water, its
radius increases of around 13%. Ward et al. have proposed
a hair model accounting for these properties [WGLO04]. But,
as this model is not characterized by adequate physical pa-
rameters, they need to control multiple structures to apply
the physical changes to the hair strands. In contrast, within
our accurate physically-based modelling system, the wetting
of any hair strand is simply effected by modifying two rele-
vant parameters: the Young’s modulus and the mean radius.
Additionally, when hair is wetted, the hair volume is proce-
durally reduced through the hull layers. We simply process
hair drying as the inverse process of hair wetting.

Haircutting consists of removing the hair part located un-
der a given z position. This is simply done by changing each



Bertails et al. / Predicting Natural Hair Shapes by Solving the Statics of Flexible Rods

hair length /ey into lprey — leur Where leyy is the length of the
removed part. As a result, hair becomes lighter after cutting,
and thus its overall shape is affected, as in the real world.

4. Results and Concluding Remarks

Generated hairstyles are rendered using the accurate scatter-
ing model of Marschner et al. [MJC*03]. In particular, this
model accounts for the visual effect due to the elliptic cross
section of a hair fiber. Thus, eccentricity e represents an uni-
fied parameter for both our mechanical model and rendering.
This parameter varies according to the hair type: for Asian
hair, e is nearly equal to 0, whereas for Caucasoid hair, it
ranges from O to 0.1 and for African hair, it ranges from 0
to 0.2. Other hair physical parameters E, u and p are taken
equal to their actual value, given by physical measurements:
E =10GPa, u= 0.3, p = 1.3g/cm>® [Rob02].

Figure 1 and 3 show various hairstyles obtained with
our method for different hair types and haircuts. Please
also visit our website and watch our videos at http://www-
evasion.imag.fr/Publications/2005/BAQLLCO05/. Note that our
method is able to capture realistic natural hair shapes.

a)

Figure 3: Right: real pictures of (a) smooth, (b) curly and
(c) African hair. Left: corresponding synthetic results, gen-
erated with adequate values for e and K?. Each synthetic
hairstyle was created in less than half an hour.

The main limitation of our method is the computational
time required to calculate the equilibrium configuration of
hair (6 seconds in average for the hairstyles illustrated in

Figure 3). This prevents us from using more than a hundred
master strands within our interactive hairstyling software.
However, results are very satisfactory with this limited num-
ber of master strands, thanks to our procedural wisp model.

We are currently working on the extension of our physical
model to the dynamic simulation of hair motion.

Acknoledgments We would like to thank Steve Marschner
for letting us use his original rendering code.
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ABSTRACT

Hair designing is one of crucial components of the hair simulation tasks. The efficiency of hair
modeling is very much determined by the interactivity and the ease-to-use the designing tools
within an application. This paper presents a unified framework that uses the various key
techniques developed for specific tasks in hair simulation and to realize the ultimate goal of
‘virtual hair-dressing room’ that is simple to use but quite effective for generating fast
hairstyles. Successful attempts have been made to handle the different challenging issues
involved in simulation of hair at interactive rates. Effort has been put in developing
methodologies for hair shape modeling, hair dynamics and hair rendering. A user friendly
interface controlled by a haptic device facilitates designer’s interactivity with the hairstyles.
Furthermore, designer’s visualization is enhanced by using real time animation and interactive
rendering. Animation is done using a modified Free Form Deformation (FFD) technique that
has been effectively adapted to various hairstyles. Hair Rendering is performed using an
efficient scattering based technique, displaying hair with its various optical effects.

Keywords: Hair Simulation, Interactive hair Modeling, Force feedback Interaction, Volume
deformation, Real Time Rendering

1. INTRODUCTION

Hair is essential for characterizing a virtual human and so is the need to design a suitable and realistic looking
hairstyle for it quickly. Interactivity plays an important role in determining the efficiency of the design
application. The process is further facilitated by an interface that provides user with simple but essential tools for
performing interactions like for handling, cutting, and brushing hair displaying dynamic and optical behavior at
interactive rates. Usually this a complex task and the techniques developed have to compromise between
interactivity and realistic appearance.

The difficulties with human hair simulation arise due to the number, the structure and the interaction between
hair. On a scalp, human hair are typically 100,000 to 120,000 in number. With this number, even simplified
simulation takes vast amount of computing resources. Moreover, the complicated structure and interaction
between hairs present challenges in every aspect of the simulation. Furthermore, addressing these issues to
simulate hair accurately and realistically for real-time indeed makes virtual hair simulation technically a
demanding process.

() )] © (d)

Figure 1: Various hairstyles created, animated and rendered using our interactive “virtual hair-dressing room”
(a) is the initial Hairstyle, (b),(c), and (d) are the hairstyles created using different interactive tools (cutting,
curling and brushing)
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Geometrically hair strands are long and thin curved cylinders. The strands of hair can have any degree of waviness
from straight to curly. Thus, a modeling method should provide the control over a large group of hair strands
effectively, but still allow control over detailed variations. The structure (or style) of hairs as a group is often more
meaningful than the properties of individual hair strands. The interactions between hair play an important role in
generating these structures. Therefore, a modeling method should take into account the interactions as well as the
individual properties. Furthermore, from a designer’s aspect all these features should be available in an interactive
system for fast prototyping of various hairstyles. The sense of immersion is also increased if he/she gets back
force feedback while performing different interactions with the available tools. This requires integrating a haptic
interface which provides user with increased degree of freedom as compared to a mouse and considerably
increases the comfort, performance and productivity.

Real time simulation is another important feature that increases the sense of involvement during hair designing.
It is obviously more realistic to see dynamic changes in the hairstyle as the user performs interactions. But, the
complexity of hairstyles makes it a challenge for animating them on virtual characters with performances
compatible with real-time. Each hair strand has a high degree of flexibility and easily gets bent upon external
forces such as gravity and collisions, while it strongly resists linear stretches. The difficulty is actually to build a
mechanical model of the hairstyle which is sufficiently fast for real-time performance while preserving the
particular behavior of the hair medium and maintaining sufficient versatility for simulating any kind of complex
hairstyles. The hair motion is affected by many subtle factors, such as wind forces, air drag, gravity, head motion
and wetness. More interestingly, the static charge and friction between neighboring hairs often cause a group of
hairs to form a cluster that moves coherently. Collisions between such clusters are important otherwise the hair
interpenetration will be quite unnatural and distracting, and overall affect the realism of the simulation. This
behavior is highly dependent on the type of hairstyle (straight or curly, long or short) and condition (stiff or soft,
dense or sparse, dry or wet).

The hairstyle also plays an important role in how the light interacts with the hair which in turn is essential to be
simulated because specifically self-shadow within hair gives important clue about the hair style itself. Rendering
human hair often requires painful labors as well as demanding computational power. Optically, hair has many
interesting phenomena such as anisotropic reflection, strong forward scattering, and translucency. A correct
reflectance model is thus needed to compute reflectance off the individual hair geometry. While, a local shading
model approximates coloring of an individual hair strand, interactions between hairs require efficient methods to
compute such global illumination effects. In particular, the shadow between hairs provide essential visual cues for
the structure of hair as a group. Hair is inherently volumetric and the internal structures can be correctly
illustrated only with proper shadow. Furthermore, most of the current hair rendering simulations lack physical
basis. All the opacity-based approaches consider a transmittance function that compute attenuation of light only
towards the hair strand for which shadow is being computed. This is not physically correct as there is also an
attenuation of light when it is scattered from the hair strands towards the viewer, and must be incorporated for
the final hair color. Moreover, variations in shading due to animated hair also need to be considered for realistic
results.

Our work is motivated by the need to have a unified model for facilitating hairstyling effectively utilizing various
methodologies, like interactive modeling, simplified but efficient animation, and optimized yet realistic rendering
giving a real-time performance. The specific contributions of this paper are:

e An interactive modeling system to allow the user with an easy and flexible modeling capability to design
any hairstyle with added features of fine-tuning. The system should perform all the hair manipulation
tasks (e.g. cutting, curling) at interactive rates.

e A mechanical model that efficiently simulates the motion of individual hair strand as well as the
interactions between hairs themselves and the interaction between hairs and other objects.

e A scattering based illumination model that produces realistic rendered hair with various colors and
showing optical effects like shadow, specular highlights.

e Importantly, all these simulations are performed in real-time.

The rest of this paper is organized as follows: in the next section we give a brief overview of various hair
simulation techniques. In Section 3 we present various considerations and the ideas of our approach for styling,
animating and rendering. In Section 4 we present the different interaction tools developed for designing
hairstyles. Section 5 is dedicated to our lattice based mechanical model highlighting its key features and benefits.
Section 6 gives the description of our scattering based illumination model discussing the various optimizations

Computer-Aided Design & Applications, Vol. 3, Nos. 1-4, 2006, pp XXx-yyy



made for rendering at interactive rates. We demonstrate the results and discuss the performance for the unified
hair styling application in Section 7. We conclude with a look at avenues for future work in Section 8.

2. PREVIOUS WORK

Researchers have devoted a lot of time and effort for producing visually convincing hair, giving more believability
to virtual humans. Though implementing a unified framework for creating hairstyles using dynamic models along
with realistic rendering has not been actively considered, a number of algorithms have been developed to resolve
most of the challenges in the three main hair simulation tasks - hair shape modeling, hair animation and hair
rendering. Specific advancements have been made in each of these tasks.

2.1 Interactive Hair Styling

There exist different techniques proposed in the literature in order to provide tools for interactively creating new
hairstyle. Most of these techniques involve designing an interactive 3D user interface giving user control to place
hair on any part of the 3D model. Use of cluster or wisp for representing hairstyles is a common approach in these
systems. Chen et al. [5] presents a model that represents each cluster with a trigonal prism and the hair strands
within a cluster is modeled by the distribution map defined on the cross-sections of the prism. Similar to this
approach, in [21] a wisp model is used but represents a set of a 2D patch projected on a cylinder as boundary. The
developed tool allows user to choose number of patches, position them and then individually or collectively
modify parameters such as length, stiffness, blending for the patches. Recently a more user-friendly interactive
tool called Hair Paint [10] has been introduced. The system is based on a 2D paint program interface and color
scale images to specify hair characteristics. Some of the researchers have also presented systems exploiting fluid
flow [8] and vector fields [28] for explicit hair modeling. Other techniques [14][25] use hybrid models combining
benefits of wisp model and strand model. In general, all these systems result in creating nice static hairstyles, but
are too slow to be able to interact with hairstyles when dynamic behavior is added. Also utilizing force feedback
devices for more interactive control of designing tools is still to be explored.

2.2 Hair Animation

Usual simulation techniques may consider any compromises between simulating individually each strand and
simulating a volume medium representing the complete hairstyle. In the context of efficient simulation, reducing
this complexity and the number of degrees of freedom of the model is essential for fast computation. The first idea
is to consider that hairs of neighboring locations share similar shapes and mechanical behaviors. In many models,
such hairs are grouped into wisps, sometimes also called clusters. This technique was defined by Watanabe et al
[26], and has been frequently used since with many variations in [4][5][20][27]. Another evolution is to replace
the hairs by approximate surfaces (strips or patches), as done by Koh et al [15], or even volumes that can easily be
modeled as polygonal meshes, such as the thin shell approach of Kim et al [12]. Combining various approaches
can lead to Level-of-Detail methods where the representation is chosen depending on the current requirement of
accuracy and available computational resources. A good example developed by Bertails et al [2] is based on wisps
tree, and a similar approach from Kim et al [14] is based on multiresolution clusters. Advanced Level-of-Detail
methods also include combination of strands, clusters and strips modeled with subdivision schemes and animated
using advanced collision techniques, as developed by Ward et al [24]. In the specific context of fast real-time
applications, cluster and strip models are good candidates. However, they still suffer from various problems, such
as the necessity of collision detection between hairs, and their inability to represent efficiently some mechanical
properties, such as bending stiffness. Furthermore, these simulation techniques have not yet been considered for
efficient use during styling.

2.3 Hair Rendering

Hair rendering involves immense problems ranging from large data to complex optical behavior and thus has
been a challenging yet captivating research topic since quite some time. The research started with the limited
problem of fur rendering by Kajiya et al. [11], who also derived a local anisotropic lighting model for hair that has
been widely adopted and extended in later illumination models [1][6][17]. Recently the giant leap in performance
of graphics card has made it a possibility to have faster and realistic results. In [16] intensive utilization of GPU is
done for shadow map computation, though it doesn't take animation of the hair into consideration. In [19] the
issue of shadow in dynamic hairs is efficiently dealt by computing a 3D density field and storing the samples of the
hair density function in a compact way. The use of density clustering gives an advantage of not explicitly
computing the entire transmittance function for time-varying hair data, resulting in better rendering speed and
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quality. More recently [3] presented an animated hair rendering model based on a 3D light oriented density map.
Unlike the previous interactive approaches, this algorithm computes accurate self-shadow on a standard CPU
independent of any GPU at interactive rates. The paper combines a volume representation of density with a light
oriented sampling for self-shadows.

3. CONSIDERATIONS AND APPROACH OVERVIEW

Hair styling scheme can be divided in two parts: firstly, defining a set of general characteristics of a hair style,
and secondly, varying set of characteristics of an individual hair. We choose to model hair utilizing the data

representation of animation model

[23]. This hair modeling technique Load initial
hairstyle

allows modifying the geometry of the
hair directly. We develop these
parameters in two phases. First, we
propose a set of static parameters for
hair styling (geometric
modifications), and then we animate
using these parameters (update
simulation).

Animation and rendering

Curled hair Sequence
S

Curling
Tool

In order to increase the interactivity
we have chosen to use a haptic
interface. With this device it is now
possible to see the virtual hair and
other objects, to move and finally to
touch them in  the virtual
environment. The using of haptic Various Styling Tools Available in the Interface Brushed%Sequence

enables interaction with hair in real | \ J

Brushing
Tool

time. We present a system that Figure 2: Framework for Hair Dressing Room

provides the user with interactive and
easy-to-use tools for hairstyling. Even though we have utilized a mechanical model in our simulation, the system
is fast and the user can make modifications at interactive rates. In addition, the dynamic behavior results in more
accurate and realistic simulation as it include influence on the styles due to gravity and other external forces.

For animation, the system should be compatible with most approaches used for hairstyle representation and real-
time rendering, and offer the designer the possibility of creating any kind of hairstyle that can robustly be
simulated in any animation context. We intend to achieve this through the design of hair animation model based
on volume deformations, with the aim of animating any complex hairstyle design in real-time. The idea of our
method is the following: rather than building a complex mechanical model directly related to the structure of the
hair strands, we take advantage of a volume free-form deformation scheme. We detail the construction of an
efficient lattice mechanical deformation model which represents the volume behavior of the hair strands. The
lattice is deformed as a particle system using state-of-the-art numerical methods, and animates the hairs using
quadratic B-Spline interpolation. Another issue that needs to be considered during hair animation is collision.
Since hair strands are deformed through FFD, there is no real need of detecting collisions between the hair
strands, as they follow the volume of deformation of FFD which is rarely self-intersecting. However, we need to
take into account collisions between the hairstyle and the skull. The hairstyle reacts to the body skin through
collisions with a metaball-based approximation. The metaballs are represented as polynomial forces that are
integrated in the mechanical model. The model is highly scalable and allows hairstyles of any complexity to be
simulated in any rendering context with the appropriate tradeoff between accuracy and computation speed, fitting
the need of Level-of-Detail optimization schemes.

We also aim to have an optimized technique that decreases the complexities involved in hair rendering and
simulates optical effects while incorporating hair animations at interactive rates. Our rendering data
representation for hair volume is quite similar to the animation system [23]. Utilizing a similar representation
also gives us an advantage of having a fast access to lot of information from the underlying animation model for
rendering computations. Based on these considerations we model our illumination model as follows: The local
illumination of hair is defined by a Gaussian function adapted to our strip representation of hair. The self-shadow
computation for hair is similar to the volume rendering as we perform voxelization of hairstyle into a hair volume
for opacity computation. For the case of animated hair, the new vertex positions are calculated, and based on the
displacement of the hair vertex a refinement map is computed. This takes care of the hair density variations within
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the rendering lattice and is then used for ~refining' the shadow in animated hair. Our method's efficiency towards
achieving fast updates is highly credited to the division of the pre-processing and the run-time tasks of the
simulation. The model has been optimized to perform expensive computations, mainly involving physics, during
pre-processing that contributes to the speedy performance of our illumination model without any significant
degradation in quality.

4. USER INTERACTIONS

We use PHANToOM for the virtual manipulation of hair. Essentially it is force feedback device and we have
efficiently used it like a simple tool allowing interactions with virtual 3D objects. This haptic device replaces and
increases the functional of the mouse. The force-feedback is used to detect collision of hair with the head, as well
as to interact with the cells in the lattice.

The system gives the user freedom to choose tools to modify hair collectively (using guide hairs) or individually.
The user can choose hair via a 2D scalp map or make a more precise selection directly in 3D. Using the buttons
provided with the PHANToM, the user can choose the tool to apply on the selection. While building this new
hairstyle the user with his left can modify the camera position for better visualization, and with his right hand
select and apply a set of tools developed to modify the hairstyle. Integrating these tools with our mechanical model
produces realistic simulation that enhances the overall visualization during interaction. For efficiently realizing
this effect, we create a lattice for the selected hair for animating them during interaction with tools using
geometric and physics-based method.

4.1 Selecting Hair

The first step in designing a hairstyle is to select a set of hair. There are different selection modes that are offered
to the users. The interactivity is performed via the haptic device. We propose a point-based method for selection
that involves implementation of 3 DOF force feedback. The selection is done by the position of the stylus of the
haptic. If the stylus intersect a cell in the lattice, all the hair in that box are selected. This selection mode is linked
to the discretization of the lattice, and does not allow to select a set hair between two cells. But generally, the
hairdresser can select a set of hair as well as one by one via projection in the direction of the camera of the
position of the stylus. After this selection step the user can “add” a set of hair using copy and paste tool. The user
can change the position and the angles of rotation ( via haptic) of the duplicate set of hair.

For hairstyling operators animation we have limited the animation to specific parts where modifications have to
be made. Thus, we create a lattice just for the selected set of hair and only this set is later animated as shown in
green in figure 3. Limiting the lattice to a specific section of hair decreases the computational time and allows
efficiently using the geometrics methods. These geometrics modifications don’t change the form of the lattice. This
technique also avoids a computation of self-collision detection between strips and provides good result in
simulation.

-Flgre 3: Seleéing and Holding a group of Hair

4.2 Virtual Scissor:

The most important tool for a hairdresser is probably the scissor. In our technique we first choose a cut plane for
modifying the hair. Three planes are proposed; a horizontal plane, an inclined plane, and a curve plane like the
function sine. The choice of these planes is linked to the fact that with these planes, all type of cut can be realized.
A mass-spring system representation is used for all strands in order to simulate dropping the hair cut during the
cutting process. The implementation of this modeling is easy, and allows obtaining good results in short time. In
order to increase the interactivity, it is possible to modify the position and the orientation of this cut plane by a
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line-based method (using 6DOF) via the haptic. The user can thus choose the cutting mode either by using a
scissor (generally for a small set of hair) or by a cutting plane.

Figure 4: A sequence of Hair Cut in real time

4.3 Virtual Brushing and Curling

The virtual brushing and waviness tool involves a function of one parameter and allows modifying the “curve” of
strands without using the position of points in the strand in 3D. We modify the hair beginning from the tip in the
curving. Three parameters can be modified: the radius, the length of curve, and the direction of the brushing.
Based on these parameters, a mathematical function is applied on the last node of all the selected hair resulting in
curve hair. The choice of the mathematical function is based on the action to be performed or the tool required.
When simulating waviness, the visual effect is similar to a compressed spring movement from top to bottom.
When brushing, the movement of lattice node is away from the head and following the direction of the brush. The
use of these techniques avoids us to compute collision between hair and an object (tools, comb for example). The
visual realism is maintained because the simulation seems to be real.

5. LATTICE BASED HAIR ANIMATION

Realistic animation of hair requires advanced models that deal with the complex strand structure of human
hairstyles. The challenge is to build a mechanical model of the hairstyle which is sufficiently fast for real-time
performance while preserving the particular behavior of the hair medium and maintaining sufficient versatility for
simulating any kind of complex hairstyles. We overcome the difficulties through the design of a hair animation
[23] model based on volume deformations, with the aim of animating any complex hairstyle design in real-time.

5.1 The Lattice Model

We construct a 3D lattice around the head that includes all the hair. This lattice is defined by the initial positions
of all its nodes. During animation, the lattice is moved according to the head motion. The resulting rigid-motion
positions and velocities of the lattice nodes define the rigid motion pattern of the hair, in which the hair follows
the head motion without any deformation.

In our approach however, the lattice is furthermore deformed by mechanical computation. The actual position
and speed of the lattice nodes are ruled by mechanical computation iterations that use the rigid motion states as
equilibrium states. This mechanical model, aimed at providing the lattice with the volumic behavior of the hair
contained in it, is constructed during preprocessing.

5.2 The Mechanical Model

Different approaches are possible for designing this mechanical lattice deformation model. However, spring-mass
approaches still seem to be the best candidate for designing really fast mechanical models. We have created a
particular kind of interaction force that uses as attachment points any arbitrary point of the lattice, defined by its
lattice coordinates. Hence, each attachment point corresponds to a weighted sum of a given number of lattice
nodes. Hence, the mechanical model of the hair is defined as a sum of linear viscoelastic lattice springs relating
the elasticity of each individual hair strand segment in the lattice model. Their viscoelastic parameters correspond
to those of the modeled hair. The attachments of the hair extremities to the skull are modeled by stiff viscoelastic
lattice attachments, which are positioned exactly at the end of each hair. In order to reduce the complexity of the
model, we resample each hair during the model construction as segments defined by the intersection points of the
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hair line on the lattice boundaries. We furthermore carry out
a simplification of the model by decimating the redundant
lattice stiffeners (hair springs as well as skull attachments)
until the expected number of stiffeners remain (Figure 5).

5.3 Lattice Interpolation

As the lattice is deformed during animation, another issue is
to recompute the current position of each hair features for
each frame. Depending on the selected rendering techniques
and optimizations, these features may either be individual
hair segments, or larger primitives such as hair strips or
groups. For the best compromise between continuity and
computation speed, we have selected quadratic B-Spline
curves as interpolating shape functions, which offer second-
order interpolation continuity.

We can take advantage of the interpolation to enhance the AT I e
attachment of the hair on the skull through rigid motion. For

each interpolated feature, a deformation coefficient is defined | Figure 5: The decimation process: From the
which is a blending coefficient between the motion defined by | strands of the hairstyle (up-left) is constructed
the rigid head motion and the motion defined by the | the initial model (up-right). The model can then
interpolated lattice position. Hence, progressively animating | be decimated at will (down-left) (down-right),
the root of the hair through rigid head motion rather than | for better performance

mechanics allows simulating bending stiffness of hair near its
root, and also removes the artifacts resulting from the imperfections of the mechanical attachment of the hair
roots to the moving skull.

6. SCATERRING BASED HAIR RENDERING

Simulating fast and realistic complex light effect within hair is one of the most challenging problems in the field of
virtual humans, both in terms of research and of development. Two main optical effects that contribute the most
to realistic hair are the anisotropic reflection and self-shadows. We have developed a scattering-based fast and
efficient algorithm that handles both the local specular highlights and global self-shadow in animated hair at
interactive rates. We use a fast refinement technique [7] for incorporating illumination variations in animated hair
from the encoded hair density changes considering the spatial coherency in hair data. Our method's efficiency
towards achieving fast updates is highly credited to the division of the pre-processing and the run-time tasks of
the simulation. At pre-processing we perform initializations that give us precise rendering information for static
hair, and then perform an optimized update of optical variations in hair based on the dynamics of the guide hair,
taking into account coherency between the hair data. The various optimizations implemented result in interactive
simulation while maintaining the aesthetic visual appearance of the hair.

6.1 Scattering-based local Illumination

One of the features of our local illumination model is that it takes into the fresnel reflection and orientation of the
cuticles on the hair which gives a control on defining the anisotropy of the hair. In addition, it also involves a
gaussian function, which is not only important to provide physical basis to our model but modifications within the
function also make it quite effective for our hair strips. We consider the gaussian function taking into account
slope variations both along the tangent and the bi-normal of the strip vertices. The model takes care of both the
diffuse and the specular reflectance. Various parameters control the width and the shift of the specular highlights
as well as the sharpness and the anisotropy displayed by the strips.

6.2 Scattering-based self-shadow in hair

Our scattering-based approach considers two functions for shadow contribution. One function gives a measure of
the absorption of light reaching a hair vertex and the second function considers the scattering from the hair. Since
our shadowing model considers hair densities within the cells rather than explicit hair geometry, both the
functions result in an overall reduced intensity of the hair vertex as visible to the viewer, which gives the
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shadowing effect within the hair. The two terms (absorption and scattering) included in our shadow computation

can be visualized in Figure 6.

Analytically, the absorption term generates self shadows due to
its geometric and translucent nature while the scattering term is
an additional component contributing to hair shading due to its
material property. It is the collective effect of the two
components computed for hair that gives light's intensity as
perceived by the viewer and is correlated to the hair's shadow
color, giving it a natural look.

6.3 Shadow Refinement in Animated Hair

During animation visual artifacts like irregular shadow regions
can pop up as the hair vertex move from one cell to another if
density variation within the cell is not properly dealt with. Our
approach for incorporating variations in shadow in animated
hair is based on the assumption that the hair vertices within a
cell at initialization always stay within one cell after
displacement. This assumption is valid not only from the
physical aspect of the FFD-based animation model but also
from real hair animation considerations where there is
coherence among neighboring strands when hair is moving. Our
idea is to encode the displacement of the particle during

Light
Ty Source
Hairstrand

[i]

/  accumulated
scattering

.U

Eye
Paosition

Figure 6: Variations in local specular
highlights and the global self-shadows can be
seen as the hair are animated and the light
position is changed.

animation to give a measure of variation in hair density in the
cells of the rendering lattice.

7. RESULTS AND DISCUSSION

We have tested our “virtual hair-dressing tool” for creating various hairstyles as shown in Figure 1 and Figure 8.
The implementations are done on a workstation with Intel Pentium4 and 3.4 GHz processor with a 1 GB main
memory and a GeForce 6800 graphics card. Our computation algorithm is written in standard C++ and rendering
is done using the OpenGL API. The initial hairstyle has been created using our in home hairstyler based on fluid
dynamics [8].

Once the initial hairstyle is loaded as a hybrid model, computation is performed to prepare the initial mechanical
and rendering model. We ran our algorithm to create short, curly and brushed hairstyles using our unified
framework. We have tested the hairstyles with various complexities of the mechanical representation and have
found that a mechanical model containing 100 attachments and 400 springs built on 343 lattice nodes is fairly
accurate and with fast simulation. The model reacts to collisions with the head and the shoulder using 7 metaballs.
The computations for local illumination are done at run-time for each vertex using the graphics hardware. For
shadow computation we found that for all the hairstyles a lattice size of 128 x 128 x 32 was optimal enough to
provide nice result at an interactive speed. In the whole simulation process rendering is the most time-consuming
task. The initial hairstyle in Figure 1 consists of around 40K segments. The rendering for static hair under a single
dynamic light on GPU runs at around 14fps. Simulation of rendered animated hair runs at 9-10 fps.

While performing the user interactions, as the simulation is limited to only section of the hair to be modified, the
average performance is better. As the interactions on the hairstyle are made the lattice for both animation and
rendering are dynamically adapted to the modified data. During cutting, the cells containing the cut hair are
deleted from the simulation thus further accelerating the process, although when brushing and curling the
recomputation is done for calculating shadows based on the modified location of the hair segment which is slows
the process. For creating hairstyles in Figure 1, the average frame rate was around 10fps.

8. CONCLUSION AND FUTURE WORK

Our “interactive hair-dressing room” highlights the various developments made for providing an easily usable
framework for hair styling. The use of a haptic interface is very advantageous during the designing process. It
provides the user with more interactivity. This interface uses a 3D mouse for the aligning the head with the
hairstyle and the haptic device for managing the set of tools for modifying the hairstyle. The overall performance
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is also increased by the fact that the users can effectively utilize both their hands in order to create new hairstyles
by applying special virtual tool like cut plane. Implementing techniques with accurate force feed back during all
the hair styling operations (combing, curling, cutting, and effects by cosmetic styling products) will provide our
hair dressing tool more realism. Though these devices are usually costly and also take time to adapting, but once a
user gets used to them, it increases the comfortability and saves a lot of time.

Figure 7: With the ease-to-use the application, designer’s can efficiently create hairstyles from
images very quickly

Also, taking advantage of underlying FFD based mechanical model for dynamic simulation and the optimized
scattering based rendering model for optical effect simulation, the interface provides an enhanced visualization of
the hairstyling procedure. The FFD animation approach allows a clear distinction between the mechanical model
that animates the lattice and the actual objects that are deformed by the lattice during the rendering. This makes
the model highly scalable and versatile giving total freedom for hairstyle design, as hairs can be long or short,
curled or straight, and even contain specific features such as ponytails, as well as facilitate designing level-of-detail
schemes that can act independently on the mechanical simulation aspect and on the rendering aspect, without any
particular adaptation of the model. Similarly, the rendering model is based on volume rendering and is
independent of the geometry used. This makes it suitable for simulating self-shadows in any hairstyle. The various
optimizations and the extensive use of graphics hardware, speeds up the rendering process allowing interactive
hair manipulation. For handling variations in rendering due to animation we introduce a refinement technique,
which is encoded based on the hair displacement vector. These models have been unified to successfully simulate
some common user interactions with hair, like pick some hair, cut them and brush them and create realistic
hairstyles.

With initial results of our unified framework being quite promising we look forward to adding more features for
better interactivity and enhanced visualization. The use haptic rendering algorithm increases the virtual
interactivity a lot. Currently, we implement just rigid interactions within the different cells of the lattice. But we
are working on the interacting with deformable objects. The problem with these interactions is the computational
time. We have yet decreased this time in modeling hair like a lattice but the feed-back forces aren’t linked to the
hair “touch” but the boxes. If the cells become deformable (likes our hair) the feed-back forces will become more
linked to the reality. We are working on making our mechanical model more efficient and faster by making related
computation on hardware especially for interpolation. We also plan to modify and simulate effects in hairstyles,
both dynamically and optically, under influence of water and styling products.
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Real-Time Animation of Hairstyles

« ldeas for Speeding Up Hair Simulation
— Simplification of the mechanical model
Reduction of the degrees of freedom
Macroscopic approximations

Interpolation

» Techniques
— Wisp or Cluster models
— Particle systems of variable topology
— Volume hair models
— Free-Form Deformations
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Real-Time Animation of Hairstyles

* Managing Complexity of Hair Simulation
— More than 100 000 hair strands
— Mechanical behavior of individual strands
— Collisions and friction on the skull
— Collisions and friction between strands
— Physical state (wetness, styling products)
— Aerodynamics

» No chances to simulate an explicit
mechanical model in real-time.
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Real-Time Animation of Hairstyles

* Wisp or Cluster Models
— Defined by Watanabe et al [1989]
Interpolation on Guide Hairs by Chang et al [2001]
— Multilayer colliding clusters by Plante et al [2001]
— Hair strips by Koh et al [2000, 2001]
— Thin shell approach by Lim et al [2000]
— Advanced collision handling by Lee et al [2001]
» Level-of-Detail
— Wisp-tree by Bertails et al [2003]
— Multiresolution Clusters by Kim et al [2003]
— Strand-Strip-Cluster adaptive by Ward et al [2003]
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Real-Time Animation of Hairstyles

» Other Fast Simulation Models
— Loosely Connected Particles by Bando et al [2003]
— Short Hair Model from Guang et al [2002]

* Volumic Models
— Vector Fields from Yu [2001]
— Fluid Vector Fields from Hadap et al [2000, 2001]

— Unsuited for real-time simulation.

* Free-Form Deformation Models
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www.miralab.ch

1. Real-Time FFD Hair Animation

* Main advantages:
— Drastic and controllable reduction of the number
of degrees of freedom of the mechanical model
* => Real-time mechanical simulation
— Simple and fast interpolation scheme for
computing the deformed hairstyle
* => Real-time motion of any feature of the hairstyle
— Any hairstyle can be animated
e => Versatility and  p——e—

design simplicity e
WS
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1. Real-Time FFD Hair Animation

» The main idea: Deforming the complete hairstyle
using a mechanically-animated Free-Form
Deformation lattice.
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2. FFD Hairstyle Deformation

* Building the lattice around the hairstyle
— The lattice is attached to the rigid-body motion R of the skull
— The lattice is then deformed by mechanical simulation
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2. FFD Hairstyle Deformation 2. FFD Hairstyle Deformation

« Interpolating Hairstyle Features in the Lattice  Attaching Strand Roots on the Skull
— Feature locations defined by weighted sums of lattice — Attachment of the hair strands on the skull

nodes should be ensured whatever the deformation

— Strand roots should be defined by the rigid
motion of the skull only

— Continuous transition between rigid motion
(6 = 0) and deformed lattice (5 = 1) along the

hair
p=2w, @Gp +(1-8)Rp;

— Different interpolation schemes for precomputing weights

' N
Linear: Speed (3D: 8 nearest nodes) Quadratic: Smoothness (3D: 27 nearest nodes)

Animating Complex Hairstyles in Real-Time Animating Complex Hairstyles in Real-Time

www.miralab.ch Whe ch me www.miralab.ch

2. FFD Hairstyle Deformation 3. Animating the FFD Lattice

 Attaching Strand Roots on the Skull » Mechanical Properties to be Simulated
— Varying progressively rigid motion attachment — Mechanical behavior of hair:

from the strand root to its extremity + Density, Elasticity

T —— 2 /2 « Interactions between strands
yp gt Ao 8= 1_6Xp(7“ /7”0) — External forces exerted on hair:

* Acts as a hair rigidity parameter . Gravity
« Aerodynamic effects
— Collisions between hairs and other objects:

* Body parts: Skull, shoulders...
« Other objects

e —

No Attach Low Attach High Attach
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3. Animating the FFD Lattice

 Building Blocks: Lattice Stiffners
— Mechanical interaction between lattice nodes
* Weighted contributions of lattice nodes
— Viscoelastic behavior law o(g,€’)
* Relating lattice forces f; to positions p; and speeds p;’

f.=w,c with 8:Zijj and 8’:2ij;

J J
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3. Animating the FFD Lattice

 Hair Strand Discretization
— Creating lattice springs between grid edges (>45°)
— Creating lattice attachment on root

Animating Complex Hairstyles in Real-Time
www.miralab.ch

3. Animating the FFD Lattice

e Particular Lattice Stiffners

— Lattice Attachment
* Relates one location of the
lattice to a given point in space

— Weights: Linear interpolation
coefficients of the location in
the lattice

— Lattice Spring
» Relates two locations of the
lattice

— Weights: Linear interpolation
coefficients, positive and
negative

Animating Complex Hairstyles in Real-Time
www.miralab.ch

3. Animating the FFD Lattice

» Hair Strand Discretization

— Mass of each strand distributed on the lattice nodes using
weights of linear interpolation of strand segment extremities

Animating Complex Hairstyles in Real-Time

www.miralab.ch
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3. Animating the FFD Lattice 3. Animating the FFD Lattice

e The Ether Model

* Decimation of t_he MOdeI — Weak viscoelastic forces attaching the lattice
— Number of lattice stiffners nodes to rest position (rigid motion of the head)
reduced at will » Modeled as lattice attachments

* Similar ;tiffners arelcor?soliC%ated Stabilize and damp the motion of the hairs
 Parallelism and projections in the Improve the robustness of
space of lattice node weights the model for realistic or

— Optimal accuracy - speed not-so-realistic head motions
tradeoff Additional custom parameters
for simulating hair stiffness
- Initial strands (short hair, styling gel...)
- Initial model: 12100 strands, 3500 attachments May include additional physical
- Low decimation: 800 strands, 200 attachments effects (aerodynamics)
- High decimation: 200 strands, 50 attachments

Animating Complex Hairstyles in Real-Time Animating Complex Hairstyles in Real-Time
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3. Animating the FFD Lattice 3. Animating the FFD Lattice

Collision Effects » Collisions with Metaballs

— Between the hair and the body — 6th-order polynomial metaballs (n=3) modeled
* Head as lattice attachments
* Shoulders

— Metaball-based model of body parts « Potential:
* Approximate modeling with a low number of primitives
« Easy animation of body deformations

« Attached to the rigid head motion (skull) or the body
skeleton (shoulders)

0 elsewhere

& %(Zn)s“’l(e—eo) if s>
==z "o

0 elsewhere

Animating Complex Hairstyles in Real-Time Animating Complex Hairstyles in Real-Time
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3. Animating the FFD Lattice

» Customizing Metaballs on Lattice Nodes
— Low number of metaballs

— Their center are attached
to the skeleton

— Their radius is customized
to each lattice node
according to its position

Animating Complex Hairstyles in Real-Time
www.miralab.ch

3. Animating the FFD Lattice

» Customizing Metaballs on Lattice Nodes

— Normalizing the strength of the metaballs
* The base potential of the metaball should be chosen
S0 as to give same repulsion (acceleration) whatever:
— The mass of the lattice node
— The radius of the metaball

Animating Complex Hairstyles in Real-Time
www.miralab.ch

3. Animating the FFD Lattice

» Customizing Metaballs on Lattice Nodes
— The metaball radius is chosen so as to:
« Keep nodes outside the skull to a given distance from the surface
» Prevent nodes inside the skull from moving deeper

—lp—pd))
—eXp[P lp "l]] it o —pd2p;

lp; —po| elsewhere

Anside outside

P

Animating Complex Hairstyles in Real-Time
www.miralab.ch

3. Animating the FFD Lattice

Metaball-Based Collision Handling
— Approximate collision response

— Low computational overhead

— Suited for animation

Animating Complex Hairstyles in Real-Time

www.miralab.ch
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3. Animating the FFD Lattice

* Numerical Integration

— Particle system integrated by using the implicit
Inverse Euler method
» Using the Conjugate Gradient as linear system solver
* On-the-fly matrix assembly for capturing all the
nonlinearities of the mechanical system
— Good robustness with any mechanical system
when using constant time steps

www.miralab.ch

Animating Complex Hairstyles in Real-Time

4. Scalability and Level-of-Detall

» Performance and Level-of-Detail

— Computation times for a 1/25 s frame on a
3GHz Pentium4 PC computer

Me d

Lat.Size
10x10x10
5x5x5

0 Att. 0 Att.
0 Spr. 0 Spr.

0 Meta. 7 Meta.

1.1ms 5.2 ms

0.1 ms 0.2ms

www.miralab.ch

50 Att. 100 Att. 200 Att.
200 Spr. 400 Spr. 800 Spr.
7 Meta. 7 Meta. 7 Meta.

10.1 ms 13.8 ms 21.4ms

2.1ms 3.8ms 7.6 ms

Animating Complex Hairstyles in Real-Time

4. Scalability and Level-of-Detall

» Options for Adjusting the Accuracy Tradeoff
— Number of lattice attachments

* The more attachments, the more accurate the
mechanical behavior of the hairs

— Size of the free-form deformation grid

« The finer the grid, the richer and diverse the
deformation patterns of the hair

— Number of metaballs

* The more metaballs, the more accurate the collisions
between the hair and the body

www.miralab.ch

Animating Complex Hairstyles in Real-Time

4. Scalability and Level-of-Detall

» Performance and Level-of-Detail

— Level-of-Detail schemes have to be combined with
adequate multiresolution rendering techniques

www.miralab.ch

Animating Complex Hairstyles in Real-Time
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4. Scalability and Level-of-Detall

» Benefits of the FFD Model

— Scalability, for efficient LOD
implementations

— Compatible with any hair
rendering method

— Weak reliance on the strand
nature of hairs

— Total freedom of hairstyle
design using any standard
design tool

Animating Complex Hairstyles in Real-Time
www.miralab.ch

www.miralab.ch
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Motivation

= Hair simulation and
= : : . rendering are complex
Modeling Hair using Levels of Detall

s High number of primitives
s Collisions among hairs
Ming C. Lin and Kelly Ward and between hair & body
Joint work with S. Fisher, N. Galoppo, and J. Lee
University of North Carolina at Chapel Hill = Realistic appearance desirable for many
lin@cs.unc.edu and wardk@cs.unc.edu

interactive applications
http://www.cs.unc.edu/~lin and http://www.cs.unc.edu/~wardk a Virtual Reality, Games, Entertainment
http://gamma.cs.unc.edu/

Interactive Hair Modeling — Ming C. Lin Modeling Hair & Cloth - Ming C. Lin

Hair Modeling

Hair Simulation

= Physics of dynamic simulation
s Control motion
o Different styles

= Geometric representation of hair
s Individual strands
= Wisps
s Strips

Video Gamr
s Tomb Raide
Movie: Final Fantasy

= Factors to consider Choose hair model

» Speed vs. Appearance based on desired = Collision detection and response
o Short vs. Long outcome or intended = Hair-Object Interactions
s Wavy vs. Straight applications s Hair-Hair Interactions

Modeling Hair & Cloth — Ming C. Lin

Modeling Hair & Cloth — Ming C. Lin



Our Themes

= Discrete and continuous LODs for hair
o Three representations to model hair
o Hair hierarchy resulting in varying resolutions of hair

= LOD framework leads to:
o Accelerated dynamics and rendering
o Accurate and efficient collision detection method
= Ability to model different hairstyles
= Flexible dynamics model that can accommodate
changing hair properties, e.g. hairspray

Modeling Hair & Cloth — Ming C. Lin

Organization

= Qverview
= Previous Work
LOD Framework for Modeling Hair
o Discrete Representations
o Hair Simulation
o Hair Rendering
o Runtime Selection
Hair Hierarchy
Summary & Future Directions

Modeling Hair & Cloth — Ming C. Lin

1/4/2006

Organization

Overview

Previous Work

LOD Framework for Modeling Hair
o Discrete Representations

@ Hair Simulation

o Hair Rendering

e Runtime Selection

Hair Hierarchy

Summary & Future Directions

Modeling Hair & Cloth - Ming C. Lin

Hair Statistics

Diameter of single hair strand: 58 to 100 microns

Number of strands on human head: 120,000 to
150,000

Density: 200 to 300 hairs per cm? of scalp
Weight of hair: 1.3grams per 1cm?

Figures vary per person — Represent averages
[L'Oréal 2003]

Modeling Hair & Cloth — Ming C. Lin



Hair Facts
|
= 120,000 to 150,000 of independent strands of
hair on head
o Do not always act independently
o Electrostatic forces
a Qils on hair
a Hairstyles (Curly)

= Natural clumping tendency within hair
o Strands group together and behave as if one

Modeling Hair & Cloth — Ming C. Lin

Overview

= Propose method to model hair using three
discrete representations

= Create hair hierarchy from these representations
creating continuous LODs

= Dynamically switch between different
representations based on:
o Visibility
= Viewing Distance
a Motion of Hair

Modeling Hair & Cloth — Ming C. Lin

1/4/2006

Overview

= Hair Modeling [Magnenat-Thalmann, et al. 2000]
s Hair Simulation
* Dynamic Simulation
* Collision Detection
s Hair Rendering
* Hair color, shadows, lighting, transparency, and anti-
aliasing
s Hairstyling
* Geometry of the hair — Shape specification
* Density, distribution, and orientation of hair

Modeling Hair & Cloth — Ming C. Lin

Overview

= Three Representations to model hair
[Ward et al.; CASA 2003]

e Individual Strands
* Modeled with subdivision
curves
@ Clusters
* Generalized cylinders
created with subdivision
surfaces
s Strips
* Modeled with subdivision
surfaces

Modeling Hair & Cloth — Ming C. Lin



Overview

A Strip Hierarchy
A Cluster Hierarchy

%, Strand Group
* Hierarchy

= Hair Hierarchy [Ward and Lin; Pacific Graphics 2003]
o Create hierarchies of each representation
a Generates continuous LODs

Modeling Hair & Cloth — Ming C. Lin

Organization

Overview
Previous Work

LOD Framework for Modeling Hair
o Discrete Representations

8 Hair Simulation

o Hair Rendering
o Runtime Selection

Hair Hierarchy

Summary & Future Directions

Modeling Hair & Cloth — Ming C. Lin

1/4/2006

Overview

= LOD Framework
s Geometric hair representation
s Dynamic simulation
 Implicit integration
¢ Collision detection
s Rendering method
@ Hairstyling flexibility
* Various hairstyles
» Addition of external substances, e.g. hairspray

Modeling Hair & Cloth — Ming C. Lin

Previous Work

= Hair Simulation
@ Strands

* Model individual strands as a series of
connected line segments

[ Anjyo et al. 1992; Kurihara et al. 1993;
Daldegan et al. 1993 ]

s Wisps / Clusters
o Strips

Modeling Hair & Cloth - Ming C. Lin



Individual Hair Strands
I
= Shape represented by angles specified btw two segments

= Polar coordinates
s Zenith 6;
s Azimuth &;

Specify resting position for hair as 6,and &,

Hlustration of a Single Strand of Hair

Modeling Hair & Cloth — Ming C. Lin

Collision Response

= Collision Reaction

= Use lookup table and bi-linear interpolation to find
normal vectors for collision response direction

o Reaction constraint method by Platt and Barr 1988 is
used:

N = normal vector at point T
Funconstrained = F input - (F input * N)N. \VE] velocity of point =]
Feonstrained == (K PT +cV « N) N, ¢ = damping coefficient
k = strength of the constraint

Finput = @pplied force to node point P

Modeling Hair & Cloth — Ming C. Lin

1/4/2006

Physics of Motion

SRCRCDM  Where kyand kg, are spring
kg (- 0p) constants and 6, and @, are
@ initial angles

"HH spring =
M,

Yo spring =

«uis (1/2)d,

. * d is the length of a segment
My exrernat = 1 I'y of hair

My external — V ‘{D
’ « v is the half length of the
segment that is the projection
of 5, onto the @ plane.

Modeling Hair & Cloth — Ming C. Lin

Previous Work

= Hair Simulation
= Strands
o Wisps / Clusters
* Individual strands are grouped together and
simulated in bundles
[ Kurihara et al. 1993; Plante et al. 2001;
Chen et al. 1999; Xu Yang 2001 ]
* Adaptive Wisp Trees [ Bertails et al. 2003 ]

s Strips

Modeling Hair & Cloth — Ming C. Lin



Layered Wisp Model

= Skeleton Curve
o Defines global motion and
deformations

(Q swstston point mase

D Envolope point mazs

= Deformable Envelope

o Coats skeleton, defines
deformations of wisp
sections

» Hair Strands
o Individual strands of hair for
rendering

Setup of Hair

* Hair strands are
represented in layers of
strips (NURBS) overlaying
each other
Dynamic equations are

defined and solved for the
control points of the surface

Surfaces are texture
mapped with hair images

Alpha map is used to define
transparency

Modeling Hair & Cloth — Ming C. Lin

1/4/2006

Previous Work

= Hair Simulation
= Strands
s Wisps / Clusters
o Strips
* Thin shell volumes and 2D strips used to
represent groups of hair

[ Kim and Neumann 2000; Koh and Huang
2000; Koh and Huang 2001]

Fised sagment wit

Parfon of
tecgct o tha hasd he sl

Modeling Hair & Cloth — Ming C. Lin

Setup of Hair

Modeling Hair & Cloth — Ming C. Lin Modeling Hair & Cloth — Ming C. Lin



Previous Work

= Hair Rendering
o Anisotropic Lighting
[ Kajiya and Kay 1989; Heidrich and Seidel 1998 ]
o Light Scattering from Human Hair Fibers
[ Marschner et al. 2003 ]
o Shadows
[ Opacity Shadow Maps: Kim and Neumann 2001 ]
= Hairstyling
o Multi-resolution technique for styling hair
[ Kim and Neumann, 2002 ]

Modeling Hair & Cloth — Ming C. Lin

Organization

Overview

Previous Work

LOD Framework for Modeling Hair
o Discrete Representations

o Hair Simulation

o Hair Rendering

o Runtime Selection

Hair Hierarchy

Summary & Future Directions

Modeling Hair & Cloth — Ming C. Lin
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Previous Work

= Geometric Levels-of-Detail

s Accelerates rendering of complex geometric models
[ Luebke et al. 2002 ]

= Simulation Levels-of-Detail

s Used to simplify or approximate dynamics in a scene

[ Chenney and Forsyth 1997; Carlson and Hodgins, 1997;
Perbet and Cani 2001; O’Brien et al. 2001 ]

Modeling Hair & Cloth — Ming C. Lin

Organization

Overview

Previous Work

LOD Framework for Modeling Hair
o Discrete Representations

@ Hair Simulation

s Hair Rendering

s Runtime Selection

Hair Hierarchy

Summary & Future Directions

Modeling Hair & Cloth — Ming C. Lin



1/4/2006

Subdivision Framework Base Skeleton

= Subdivision curves and surfaces used for

geometric representations = All hair representations follow the same

base skeleton model as basis of motion

= Ability to model each LOD shape and different a Maintains global physical
hairstyles behavior of hair

. . . = Modeled as open chain of
= Adaptive dynamic tessellation line segments

= Continuous LODs for rendering Soring f i
s Spring forces used to

control angles

Modeling Hair & Cloth — Ming C. Lin Modeling Hair & Cloth — Ming C. Lin

Subdivision Framework Strips

= Subdivision curves and surfaces used for = Coarsest LOD
geometric representaﬂons s Used primarily when hair is not visible
. . = Creating Strips
= Ab_lllty to model each LOD shape and different B lC onTiolpointa e e e O nORETAtInG
hairstyles strip
¢ Collinear with skeleton node
= Adaptive dynamic tessellation = Subdivide control points

a Continuous LODs for rendering = Texture map with hair image
s Alpha map to give appearance of strands

Modeling Hair & Cloth — Ming C. Lin Modeling Hair & Cloth - Ming C. Lin




1/4/2006

Clusters Individual Strands

* Intermediate LOD i = Finest LOD

s Generalized Cylinder
= Creating Strands

= Creating Clusters ' )
) 9 : . J = One control point per skeleton node
a Circular cross-section of control points at s Subdivid trol point
cedh JelEen feeE y ubdivide control points

s Subdivide control points
s Texture map with hair image
= Alpha map to give appearance of strands

= Group multiple strands together
o Strand Group

Modeling Hair & Cloth — Ming C. Lin Modeling Hair & Cloth - Ming C. Lin

Organization Hair Dynamics

= Base skeleton controls hair dynamics

e = Each control point is governed by a set of ordinary
Vil differential equations [Anjyo et al. 1992; Kurihara et al. 1993]

LOD Framework for Modeling Hair
o Discrete Representations

o Hair Simulation

o Hair Rendering

=  Qverview

+ M,

Gexternal

jl[zﬁ 1, nal

s Runtime Selection ‘ .
L = The torque due to spring force is calculated by:
Hair Hierarchy
. ) Mppring = k(0 6)
Summary & Future Directions M, - 4

Modeling Hair & Cloth — Ming C. Lin Modeling Hair & Cloth — Ming C. Lin




Collision Detection & Response

= Typically most time-consuming process in
simulation
o Need efficient yet accurate method
= Exploit level-of-detail framework
o Simplify collision detection and response algorithm
= Still maintains accurate, consistent simulation state
= Two types of collisions
a Object-Hair Interactions
o Hair-Hair Interactions

Modeling Hair & Cloth — Ming C. Lin

Hair-Hair Interactions

I
= Use spatial decomposition — Only test sections
of hair near each other
= Compute overlap between two SSVs

= Use orientations of SSVs to determine response
o Near Parallel: Average velocities

o Else: Push apart SSVs based on overlap and average
velocities

Modeling Hair & Cloth — Ming C. Lin

1/4/2006

Collision Detection

= Swept Sphere Volumes
(SSVs) [Larsen et al. 1999]

s Bounding volumes to
encapsulate hair

= Shape closely matches
each LOD geometry
= Simple collision detection algorithm:

o Calculate distance between core shapes (line or
rectangle)
= Subtract appropriate offset (radius of each SSV)

Modeling Hair & Cloth — Ming C. Lin

Hair-Hair Interactions

Hair-Hair
Collision Detection

Modeling Hair & Cloth — Ming C. Lin
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Hair-Object Interactions Hair-Object Interactions

= Occurs when hair interacts with body/head
o Impenetrable object

* Encapsulate object with bounding volume 11 1
hierarchy (BVH) of SSVs Hall' ObJeCt

o Recursively test hair SSV against BVH CO]]iSion Detect]on

= When collision occurs
o Move section of hair outside of object
o Set velocity of hair in direction of object to zero

Modeling Hair & Cloth — Ming C. Lin Modeling Hair & Cloth — Ming C. Lin

Organization Hair Rendering

Overview = Anisotropic Lighting [Kajiya and Kay 1989]
= OpenGL texture matrix implementation
[Heidrich and Seidel 1998]

Previous Work

LOD Framework for Modeling Hair
o Discrete Representations

o Hair Simulation

o Hair Rendering

o Runtime Selection

Hair Hierarchy

Summary & Future Directions

= Self-Shadowing
s Opacity shadow maps [Kim and Neumann 2001]
» Fast approximations of deep shadow maps

Modeling Hair & Cloth — Ming C. Lin Modeling Hair & Cloth — Ming C. Lin
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LOD Rendering

Alleviate visual disturbances
Alpha value in textures for clusters and strips

Density values for shadows for clusters and
strips based on number of strands represented

Blend images of previous and current LODs to
make transitions smoother

Modeling Hair & Cloth — Ming C. Lin

Runtime Selection

= Put more computational resources on hairs that
are most important to viewer
= Visibility
= Viewing Distance
a Hair Motion

= Entire head of hair is using combination of
different hair resolutions at any given point

= Add more detail or simplify at any time on any
position on head

Modeling Hair & Cloth — Ming C. Lin

1/4/2006

Organization

Overview

Previous Work

LOD Framework for Modeling Hair
o Discrete Representations

©  Hair Simulation

o Hair Rendering
= Runtime Selection

Hair Hierarchy
Summary & Future Directions

Modeling Hair & Cloth — Ming C. Lin

Visibility

= Hair cannot be seen if:
= Qutside field of view of camera
= Occluded by object in scene

= Perform simple occlusion tests on hair to
determine visibility

= |f hair is not visible
e Simulate hair as strips
= Do not render hair

Modeling Hair & Cloth - Ming C. Lin

12



Visibility

Occlusion Based
Transitions

Modeling Hair & Cloth — Ming C. Lin

Viewing Distance

St Distance Based
Red Transitions

Blue

Modeling Hair & Cloth — Ming C. Lin

1/4/2006

Viewing Distance

= Hair that is far from viewer cannot be seen in
great detail

= Determine amount of screen space hair covers

= As distance from viewer grows, number of pixels
covered by hair decreases

a Calculate screen space covered by skeleton

* Test value against maximum allowable size for each
LOD

Modeling Hair & Cloth - Ming C. Lin

Hair Motion

= Relatively still hair does not have much detalil
to view

= Wind or large avatar motion causes more
viewable detail

= Measure the largest velocity of each hair
section

= Compare velocity to thresholds for strands vs.
clusters vs. strips

Modeling Hair & Cloth — Ming C. Lin
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Hair Motion

Vellow Motion Based

Transitions
Red

Modeling Hair & Cloth — Ming C. Lin

Demonstrations

Modeling Hair & Cloth — Ming C. Lin
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Choosing Final Representation

if (occluded == true)
Simulate as strip
Do not render
else
DistanceLOD = TestHairDistance()
MotionLOD = TestHairMotion()

/I Use whichever test requires highest LOD
if ( DistanceLOD > MotionLOD )
CurrentLOD = DistanceLOD
else
CurrentLOD = MotionLOD

Modeling Hair & Cloth — Ming C. Lin

Results

Modeling Hair & Cloth — Ming C. Lin
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Results

Modeling Hair & Cloth — Ming C. Lin

Performance - Simulation

168 C

= Benchmark:
o 8045 Strands
o 519 Clusters
o 173 Strips

| = Up to 110 times
speed-up

Fatistrrossyopint ;-”“:;w‘.;m

Speed.lip Factor

Modeling Hair & Cloth — Ming C. Lin
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Performance

Measured in Seconds/Frame

= Wind blowing through hair
as camera moves away
from figure

= Benchmark:
s 8045 Strands
s 519 Clusters
s 173 Strips

Modeling Hair & Cloth — Ming C. Lin

Performance - Rendering

Rendering Performances Comparison

o

= Benchmark:
o 8045 Strands
LoDs o 519 Clusters
E g a 173 Strips

Clusters
Strps

"
FEE r:oow:o:ﬂ&lw
\ AAAS

B VLIS

n

-

Speed Up Factor
w

]

= Up to almost 6
times speed-

up

o

Modeling Hair & Cloth - Ming C. Lin
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Organization

=  Qverview
= Previous Work

LOD Framework for Modeling Hair
o Discrete Representations

8 Hair Simulation

o Hair Rendering

s Runtime Selection

= Hair Hierarchy
Summary & Future Directions

Modeling Hair & Cloth — Ming C. Lin

Benefits of Hair Hierarchy

= Gives more localized control over simulation

= Generates continuous LODs throughout
simulation

Transitions between LODs are less noticeable
o Natural progression in detail

Hierarchy can be traversed on the fly

Results in higher visual quality simulation

Modeling Hair & Cloth — Ming C. Lin

1/4/2006

Hair Hierarchy

A Strip Hierarchy
A Cluster Hierarchy
/\ Strand Group

Hierarchy

Hierarchy of Hierarchies
= Contains both discrete and continuous LODs

Modeling Hair & Cloth — Ming C. Lin

Construction of Hair Hierarchy

= Constructed offline as a pre-process

= Continual subdivision of strand groups, clusters,
and strips

= Build hierarchies in top-down manner

= Gain more detail down the hierarchy

Modeling Hair & Cloth — Ming C. Lin
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Hierarchy Construction

bl et ajtmBhbEE s
= Cld §P€F§%\?Br@8H??]H%W;}‘%‘Efb‘%ﬁmgdvmlf‘i?s%‘%eflned

threshold reached

‘ Strip Hierarchy

‘ Cluster Hierarchy

\ Sl_[zu!nl (i]'.nll]}

Modeling Hair & Cloth — Ming C. Lin

Subdivision of Hair

Cross-section of strand

grouping

Divide into four equal parts

s LSS tightly fits for collision
detection

Placement of strands

remains consistent

Fit circular cross-section to

four children

Modeling Hair & Cloth — Ming C. Lin

1/4/2006

Subdivision of Hair

= Cross-section of strand
grouping
= Divide into four equal parts

o LSS tightly fits for collision
detection

. O O
= Placement of strands remains
consistent

Modeling Hair & Cloth — Ming C. Lin

Subdivision of Hair

Modeling Hair & Cloth - Ming C. Lin
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Subdivision of Hair

Individual Strands

sses - smes

Modeling Hair & Cloth — Ming C. Lin

Transitions Between LODs

= Hair hierarchy allows localized LOD control of hair

= Traverse hierarchy to select appropriate LOD
throughout simulation

= Crucial to perform transitions smoothly to avoid
visual artifacts

= During traversal either:
= Adding Detail: One skeleton - Multiple skeletons
s Simplifying: Multiple skeletons - One skeleton

Modeling Hair & Cloth — Ming C. Lin

1/4/2006

Hierarchy Construction

= Strand group subdivision continues until nodes
consist of single strand
s Each node has 0 — 4 children

= Quad-tree data structure holds information for

clusters and strand groups
s Binary tree used for strip subdivision information

Modeling Hair & Cloth ~ Ming C. Lin

Adaptive Splitting

Modeling Hair & Cloth — Ming C. Lin
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Adaptive Splitting
= Move down one level in hierarchy
o Add detail to simulation

= Simplified through use of base skeleton

= Child skeletons inherit dynamic state of parent
skeleton
= Velocity is copied from parent
o Position is offset from parent

Modeling Hair & Cloth — Ming C. Lin

Adaptive Grouping

= Multiple skeletons - One skeleton

= Average velocity and position of children and assign
to parent

= Constraints placed on merging:

a All children must be ready to transition to parent
= Positional constraint on children to avoid sudden jump

Modeling Hair & Cloth — Ming C. Lin

1/4/2006

Adaptive Grouping

Modeling Hair & Cloth — Ming C. Lin

Adaptive Grouping

= Average positions of all
children

Modeling Hair & Cloth — Ming C. Lin
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1/4/2006

Adaptive Grouping Adaptive Grouping

= Average positions of all
children

= Measure distance of new
nodes from child nodes

= Average positions of all
children

ing Hair & Cloth — Ming C. Lin Modeling Hair & Cloth — Ming C. Lin

Adaptive Grouping Adaptive Grouping

= Average positions of all . Average positions of all
children e children

= Measure distance of new il , Measure distance of new
nodes from child nodes < nodes from child nodes

= Predefined threshold for i ‘ Predefined threshold for
“close enough” “close enough”

Spring force used to subtly
pull nodes closer

Modeling Hair & Cloth — Ming C. Lin

Modeling Hair & Cloth — Ming C. Lin
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Implicit Integration

= Achieve greater stability while allowing us to
take larger time steps [Ward and Lin 2003]

_ = hky(0-6,)= Ik,

Aw, >
1+ h'k,

5 Wgy = We(ty) is the angular velocity at time t,
o his the time step

Modeling Hair & Cloth — Ming C. Lin

Results

Adaptive
Hair Grouping

Modeling Hair & Cloth — Ming C. Lin
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Results

Adaptive
Grouping

Highest-Level
Grouping

Modeling Hair & Cloth ~ Ming C. Lin

Results

Modeling Hair & Cloth - Ming C. Lin
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Performance
I

Dynamic Simulation 0.1076 .
Collision Detection 7.6423 4118 0.3383

7.7499 | 0.4534 0.3766

Measured in Seconds/Frame
9,350 individual strands (rendered) ® Wind Blowing through hair
3,570 skeletons at finest level = Camera remains stationary

Skeletons contain an average of 6
control points

Modeling Hair & Cloth — Ming C. Lin

Hairstyling

= Defines Hair
Properties:
= Shape
o Distribution
o Qrientation

= Curl
o Length
o Density

= Long tedious process
to define properties
for all strands (or
groups)

Modeling Hair & Cloth — Ming C. Lin

1/4/2006

Performance

Measured in Seconds/Frame
9,350 individual strands (rendered) ® Wind Blowing through hair
3,570 skeletons at finest level = Camera moves away from
110 Strips at coarsest strip level Telre

330 Clusters at coarsest cluster
level

Modeling Hair & Cloth — Ming C. Lin

Organization

= Overview
= Previous Work
LOD Framework for Modeling Hair
o Discrete Representations
o Hair Simulation
s Hair Rendering
s Runtime Selection
Hair Hierarchy
Summary & Future Directions

Modeling Hair & Cloth — Ming C. Lin
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Summary

= Simulation and rendering of realistic looking hair at
interactive rates

= Flexibility to model various hairstyles (curly, straight,
long, short)

= Accurately handles multiple simulation scenarios
(wind blowing through hair, motion from avatar)

= Ability to allow user to easily decide tradeoff
between visual quality and performance
NOTE: Realistic is a relative term that will be defined in comparison to

previous hair simulation techniques that have similar performance

Modeling Hair & Cloth — Ming C. Lin

External Substances

Dry Hairsprayed -

Real Hair Images

Modeling Hair & Cloth — Ming C. Lin

1/4/2006

Limitations

Rendering is the bottleneck

Very aggressive switch of LODs may lead to
visual artifacts

Implementation of occlusion culling is basic

Other switching criteria have not been explored,
e.g. collision

Modeling Hair & Cloth - Ming C. Lin

Simulation with Substances

= Water
= Larger mass on hair
= Hair geometrically changes — Groups together more

= Hairspray
o Stiffer motion
= Moves in groups

Hairspray No Hairspray

Modeling Hair & Cloth — Ming C. Lin
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Possible Future Research References

= Simulation and rendering with presence of = Modeling Hair Using Level-of-Detail
hairspray and water [Ward et al.; CASA 2004] Representations. Kelly Ward, Ming C. Lin,
. ; ) Joohi Lee, Susan Fisher, and Dean Macri. Proc.
* More intuitive hairstyling tool of Computer Animation and Social Agents, 2003.

= Accelerate rendering with graphics hardware REESC NS ML e WINE 2L S LOIDY

= Accelerated occlusion tests using graphics Adaptive Grouping and Subdivision for
hardware Simulating Hair Dynamics, Kelly Ward and
Ming C. Lin, Proc. of Pacific Graphics 2003.

http://gamma.cs.unc.edu/HAIR/

Modeling Hair & Cloth — Ming C. Lin Modeling Hair & Cloth — Ming C. Lin

Anisotropic Lighting

= Kajiya and Kay lighting model for hair
Wi =K, sin(,1)
¥ =k (- 1)z-e)+sin(z,7)sin(t, e))’

sp

Questions and Comments?

ky — diffuse reflection coefficient
ks — specular reflection coefficient
t — tangent vector

| — direction of light vector

e — eye vector

p — Phong exponent

Interactive Hair Modeling — Ming C. Lin Modeling Hair & Cloth — Ming C. Lin
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Anisotropic Lighting

= Heidrich and Seidel: OpenGL
texture matrix implementation

1,=1 diffuse T 1

o ambient + I
1=k, + Lk, (L-N)+k,(VRY')

specular

1, depends on two dot products
(L-T) and (V-T)

Pre-compute texture containing
function ,((L-T),(V-T))

Compute texture matrix using light
direction and viewing direction

Use tangent vector as texture
coordinates

Modeling Hair & Cloth — Ming C. Lin

Opacity Shadow Maps

= Use set of parallel opacity maps perpendicular to
light’s direction
= Approximate transmittance function with discrete planar
ETS
o Opacity map can be efficiently generated with hardware
= On each opacity map, scene is rendered from
light's POV to alpha buffer
s Each primitive contributes associated alpha value

= Each pixel in map stores alpha value that approximates
opacity relative to light at pixel's position

Modeling Hair & Cloth — Ming C. Lin

1/4/2006

Opacity Shadow Maps
Tae-Yong Kim and Ulrich Neumann.

Fast approximation
of deep shadow maps

Modeling Hair & Cloth ~ Ming C. Lin

Opacity Shadow Maps

Qpy)=1.0-0)2 ., +1Q

prev T 15 =current>

t =(Depth(p;)—D;_)(D; - D)
Opacity values of adjacent maps are sampled and linearly
interpolated at position of each shadow computation

Modeling Hair & Cloth — Ming C. Lin
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Timing Breakdown

Timing Analysis

| mDynamics

mHaiObject
Colision

T bainHair
Colision

O Rendeang wio
Show

W 5hadow

Simulation 44.7 %
= Dynamics 7.34 %
@ Hair-Object 24.61%
o Hair-Hair  68.04%

= Typical hair simulation

o

o

o

o

o

Dynamics 3.29%
Hair-Object Collision 11.00%
Hair-Hair Collision 30.34%
Render (w/o Shadow) 6.77%
Shadows 48.50%

= Rendering 55.3 %

o

o

Render (w/o Shadow) 12.26%
Shadows 87.74%

Modeling Hair & Cloth — Ming C. Lin
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Wisp-tree Representations for
Interactive Hair Animation

Marie-Paule Cani

GRAVIR lab,
Grenoble, France

...To complex shapes with visible

Real Hair goes from smooth...

The Wisp-tree Approach

Level of abstraction: a deformable wisp
(group of neighboring strands)
e cohesion between neighboring strands
e strong discontinuities
e anisotropic interactions between wisps




Wisp Model [Piante,Cani,Poulin02]

1.Skeleton curve

e global wisp movement
2.Deformable wisp envelope

e radial deformation

e two-way interaction with skeleton
3.Hair strands

e inscribed into wisp volume

e do not contribute to simulation

Wisp Interaction Detection

e Accelerated by regular grid structure
e Test each pair once
e Bounding box test

e Point-in-volume test

Hair Strands

e Random position in
circle defined in
deformed cross-
section 2D space

e Pseudo-random
number generator
reset at each frame
for coherence

Anisotropic Response to Collision

e Interpenetration versus collision




Collisions with Character

e Detection using regular 3D grid
e Collision is considered perfectly inelastic
e Collision avoidance

e Penetration detection from root to tip for
plumb-line algorithm

Results
[Plante Cani Poulin, GMOD 02]

Algorithm for Animation

. Compute the set of applied forces
. Detect wisp and model interactions

. Process velocities,
apply velocity modifications

. Process positions,
apply position modifications

Adaptive Wisp-tree
[Bertails, Kim, Cani, Neumann, SCA'03]

Increase efficiency ?
e Animate hair only where needed !




Our approach

Adaptive clustering
= concentrate computation where needed
=> interactive rates

Recent related work

[Ward et al. CASA 03]
[Bando et al. EG 03]
[Ward, Lin PG 03]

© www.longs-cheveux.com

Animation

At each time step

Adapt the wisp tree
e Split where (acceleration*radius) is high
e Merge where motion is uniform

Integrate motion of the skeleton

Process hair collisions (with body + inside hair)
» Detection: grid + closest points on cylinder axes
» Anisotropic response

Render hair strands

Adaptive Wisp Tree

® Tree-like structure
Lo

= Adaptive splitting and merging

Design of a hair hierarchy

[Kim-Neumann 02]

® The user designs a multiresolution hair geometry
e Adaptation is based on these LODs during motion

Geometrical
wisps




Example (animation) Example

Geometric LOD hierarchy Geometric LOD hierarchy

Example Example

Geometric LOD hierarchy Geometric LOD hierarchy




Example Example

Geometric LOD hierarchy Geometric LOD hierarchy

Example Example

Geometric LOD hierarchy Geometric LOD hierarchy




Example Example

Geometric LOD hierarchy Geometric LOD hierarchy

Example Example

Geometric LOD hierarchy Geometric LOD hierarchy




Example Example

Geometric LOD hierarchy Geometric LOD hierarchy

Example Example

Geometric LOD hierarchy Geometric LOD hierarchy




Example Example (rendering)

HE EOO H E EEN
Geometric LOD hierarchy Geometric LOD hierarchy

Finest level of the hierarchy

Results Video: Smooth hair

Smooth hair




Video: Curly hair

Curly hair

Conclusion

® Modeling of hair dynamic clustering
e Adapted to many hair styles

e Interactive simulation rates
e Stable

avoids micro-collisions between small wisps at rest

Results

Adaptive behavior: qualitative validation
‘B

Performances (30 sec to 5 min per animation)

Single-level hair Adaptive Wisp Tree

S (n=5149)
Long (n=6053)

Mean time in sec/frame (using a 1.7 GHz Pentium CPU)
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A Practical Self-Shadowing Algorithm
for Interactive Hair Animation

Florence Bertails Clément Ménier ~ Marie-Paule Cani

GRAVIR Lab - IMAG/INRIA
Grenoble, France

Motivation: self-shadowing

» Depict the hair volume
» Improve the realism of hair animation

53

Goals

< Interactive hair rendering
< Adapted to hair animation
< Good quality of rendering
< Easy and fast to implement

< Portable application

3

Outline

I. Previous work on hair rendering
II. 3D light-oriented shadow map
lll.  Self-shadowing algorithm

V. Extensions

V. Results and conclusion

3




Hair rendering

Local illumination
* Widely-used model [Kajiya89]

* The most realistic [Marschner03] . .

[Kajiya89] [Marschner03]

Self-shadowing
=The main focus of our paper

B

Hair self-shadowing (1/2)

* Volume rendering
* Rendering of fur [Kajiya89]

[Kajiya89]
\N 7/

_/O\\ . —V/> >

4

Hair

B

Hair self-shadowing (1/2)

Volume rendering
* Rendering of fur [Kajiya89]

© Good quality of rendering
® Computationally expensive

[Kajiya89]
N/
-0~ t v E
7\ /

14

Hair

3

Hair self-shadowing (1/2)

* Volume rendering
* Rendering of fur [Kajiya89]

© Good quality of rendering
® Computationally expensive

[Kajiya89]
- Billboard splatting [Bando03]

f

[Bando03] 5%




Hair self-shadowing (1/2)

* Volume rendering
* Rendering of fur [Kajiya89]

© Good quality of rendering
® Computationally expensive

[Kajiya89]
- Billboard splatting [Bando03]
© Well-suited for interactive rendering

® Not adapted for rendering the fine
hair geometry

{

[Bando03] -_5
=

Hair self-shadowing (2/2)

* Shadow maps
* Deep shadow map [Lokovic00]
¢ Opacity shadow map [Kim02]
* GPU acceleration [Koster04, Mertens04]

2D map

N/

— O~
7/

[Kim02]

Depth information E%

Hair self-shadowing (2/2)

* Shadow maps
* Deep shadow map [Lokovic00]
* Opacity shadow map [Kim02]
* GPU acceleration [Koster04, Mertens04]
© Interactive rendering
® Not easily portable (advanced GPU features)

Our contribution

= An interactive CPU-based method for hair self-shadowing

Main idea
Combining :
* An optimized volumetric representation for hair
* A light-oriented partition of space

Benefits of the approach

* Well-suited for rendering animated hair efficiently
¢ Provides an inexpensive way of processing hair self-collisions

* Can easily be parallelized
B




Outline

Previous work on hair rendering
3D light-oriented shadow map
Self-shadowing algorithm
Extensions

Results and conclusion

Assumptions

* Directional light
* Hair bounding box of fixed size
= uniform cubic grid of fixed size

— =Illl
N/ —_—
328  JENEE
g
N

NCELLS

Light-oriented 3D map
<

Hair
location
inside

Light-oriented 3D map

ey
- O L
.f ~
\ Zmap
Hair
Ymap | A é’ location
| inside
¥ v
O A
K Xmap

3




Hair — map relationship

* A hair model composed of a set of hair segments
* Each hair 3D point can be associated to a map cell

* A map cell (i,j,k) contains:

* Adensity value d;;
Cell (i,j,k) = w(P) \| p Hair strands

¢ A shadow value t;
) 53

Outline

l. Previous work on hair rendering
II. 3D light-oriented shadow map
Ill.  Self-shadowing algorithm

I\V. Extensions

V. Results and conclusion

Steps of the algorithm

* Filling hair density into the map
* Computing the transmittance

* Filtering and drawing

Filling the hair density

* Sampling each hair strand i
= Points P,/




Filling the hair density

* Sampling each hair strand i
= Points P,/

* Increasing the density of y(P,)

"/._\.__._,./

Filling the hair density

* Sampling each hair strand i
= Points P,/

* Increasing the density of y(P,)

+1

/._\J

Filling the hair density

* Sampling each hair strand i
= Points P,/

* Increasing the density of y(P,)

+1 +1

Filling the hair density

* Sampling each hair strand i
= Points P,/

* Increasing the density of y(P,)

+1 +1

/—*o\.\ﬂ*




Filling the hair density

* Sampling each hair strand i
= Points P,/

* Increasing the density of y(P,)
= f'di,j,k is an approximation of the cell’s opacity

\
Pl

/._\J

Computing the transmittance

¢ Local transmittance of a cell i,j,k:
r'OCi,j,k = exp(—f.di'j'k ds)

N/ (i.J.K)

Computing the transmittance

* Local transmittance of a cell i,j,k:
Toe = exp(-f.di’j’k ds)

* Cumulated transmittance (shadow value):

i
= oc., .
Tijk iLTO” ik

B3
i=0 i = Neeus # "g

Computing the transmittance

* Local transmittance of a cell i,j,k:
%, = exp(-f.d;;  ds)

* Cumulated transmittance (shadow value):
i
%k = I %0k

= Traversing each column (j,k) of the grid

B3
i=0 i = Neeus # "g




Filtering and drawing

¢ Trilinear interpolation of the transmittance values

* Final color of a point P:
CDp =0 + tfiter(p) (© +d

Ambient Diffuse Specular)

* Each hair strand drawn as an OpenGL polyline

B

Outline

Previous work on hair rendering
3D light-oriented shadow map
Self-shadowing algorithm
Extensions

Results and conclusion

B

Extensions (1/2)

Hair self-collisions: pressure approach

Removing
hair seli-collisions

Simulation

| Simulate | |- ?Ehsily_
i =T ance
i J_/X_ﬁ | for half-map — Filter transmittance
Gather | ~ -

Simulate
half=hairstyle
—_—

Extensions (2/2)

Parallelization of the algorithm

Self-Shadows Rendering

- Local illumination
= Display

| - Density
| =Tt ittance

: for half—map

3




Extensions (2/2)

* Parallelization of the algorithm

Simulation Self-Shadows Rendering
Simulate || = ?ensi!y
alf-hai . = Transmittance .
!”Ir }”IB‘YIL" \__/ for half-map — Filter transmittance

Glfta}':r:r ) - Local illumination

Simulate .'_/T__ \ = Density - Display

- . — Transmittance
.hall‘ hallﬁylc._ for half-map

B

Extensions (2/2)

¢ Parallelization of the algorithm

Simulation Self-Shadows Rendering

Simulate = Density

half-hairstyle hY / = Transmittance

I 4 | for half-map

— Filter transmittance

{ Glfta}':r:r ~ Local illumination
\ A Dy W | -Di
Simulate N |)Lﬂ=-!!}_ | Display

=Tn ance

for half-map

half-hairstyle |

B

Extensions (2/2)

* Parallelization of the algorithm

Simulation Self-Shadows Rendering
Simulate | - ?ensity
alf—hai 5 — Transmittance s |
t”lr hdll*slyl(.___'___\_ -/ for half-map — Filter transmittance
i, Gm?l_:r ) — Local illumination

half=hairstyle | _fL:_i":':l';_E::f:;C

= Easily double performance E%

Outline

I. Previous work on hair rendering
II. 3D light-oriented shadow map
Ill.  Self-shadowing algorithm

I\V. Extensions

V. Results and conclusion




Results (1/3)

* Easily implemented
* Map resolution: 128 £ 128 £ 128
¢ Using a single P4 CPU at 3 GHz

* Rendering performance for 100 K segments

Map reset Transmittance Filter Total
+ density + draw rendering
0.038 sec 0.015 sec 0.037 sec 0.09 sec

= 11 FPS for rendering 100 K segments
(instead of 6 FPS by [Mertens04])

B

Results (2/3)
Static Hair

 Captured Hairstyle by [Paris04]
* 1 G segments
« Kajiya's local model

= Rendering time: ~2 sec

Results (2/3)

Static Hair

« Captured hairstyle by [Wei05]

* 1 G segments

* Combined with Marschner’s model
« Alpha blending

= Rendering time: ~10 sec

Results (3/3)

Dynamic Hair

* Animation model:
* Particles with constrained velocities and positions
* Explicit Euler integration scheme
(Animation of guide strands)

* For 100 K segments:
* 6 FPS for animation + rendering + self-collisions
* Self-collisions = 2% total time
* 3.5 FPS when adding body collisions (not optimized)

10



"A Practical
Self-Shadowing Algorithm
for
Interactive Hair Animation"

F. Bertails, C. Ménier, M-P. Cani

GRAVIR - IMAG/INRIA
Grenoble, France

Advantages
Interactive (thousands of hair strands)

Well-adapted for animation
 Structures quickly updated
« Inexpensive handling of hair self-collisions

Software: no need for advanced GPU

Well-adapted to parallelization

Future improvements

¢ Handling punctual light sources
= Angular partition of space (change mapping function )

* Using adaptive clustering
= Following [Mertens04]'s approach

* Improving collision handling
* Improving stability at rest
= Using state-of-the-art fluids methods
» Avoiding wisps interpenetration
= Using hair orientation

Thank You

11



Modeling Hair Influenced by
1Y, Water and Styling Products

Kelly Ward*  Nico Galoppo+  Ming C. Lin+

{wardk, nico, lin}@cs.unc.edu
* Walt Disney Feature Animation
+ University of North Carolina at Chapel Hill
http://gamma.cs.unc.edu/HairW$

. Motivation

© Hair behavior and appearance influenced by
substances on hair

© Water — washing, swimming, perspiring, etc.

© Styling products — hairspray, mousse, gel, etc.

Styling Products

Dry

The UNIVERSITY of NORTH CAROLINA at CHAPEL HILL

Applications

© Modeling Avatars

© Entertainment

© Education & Training

@ Virtual Hairstyling Tools

© Preview hair under different dynamic conditions

Current hair modeling systems primarily focus
on capturing basic hair behavior

The UNIVERSITY of NORTH CAROLINA at CHAPEL HILL

Goals

© Fundamental techniques for capturing basic
wet and stylized hair behavior

© On-the-fly adjustments of hair properties

© Easy integration with other hair modeling
systems

The UNIVERSITY of NORTH CAROLINA at CHAPEL HILL




", Basic Approaches

© Modeling hair based on a dual-skeleton setup
C Efficient captures intrinsic hair properties

© Allows adjustment of physical behavior due to
water or styling products

© Techniques to account for fundamental
changes to hair
@ Physical behavior & properties
@ Geometric structure

@ Rendering

¢, Key Features

The UNIVERSITY of NORTH CAROLINA at CHAPEL HILL

© Dynamic Behavior
& Change hair stiffness and weight

& Flexible Geometric Structure

& Alter volume of hair on-the-fly

@ Localized Collision Detection
© Enable dynamic bonding of hair strands

© Interactive Rendering

© Parameterize lighting and shadow calculations

The UNIVERSITY of NORTH CAROLINA at CHAPEL HILL

Organization

© Previous Work

& Influence of Water and Styling Products
© Dual-Skeleton System

© Modifications of Physical Properties

S Modifications of Rendering Properties

© Implementation & Results

Organization

The UNIVERSITY of NORTH CAROLINA at CHAPEL HILL

© Previous Work

@ Influence of Water and Styling Products
© Dual-Skeleton System

© Modifications of Physical Properties

© Modifications of Rendering Properties
© Implementation & Results

The UNIVERSITY of NORTH CAROLINA at CHAPEL HILL




@ Previous Work: Hair Simulation

& Individual strands as a series of connected line
segments
[Rosenblum et al. 1991; Anjyo et al. 1992]

S Wisps or clusters

[Kurihara et al. 1993; Daldegan et al. 1993; Plante et al.
2001; Bertails et al. 2003]

© Fluid dynamics used with individual strand
dynamics to handle hair interactions
[Hadap and Magnenat-Thalmann 2001]

The UNIVERSITY of NORTH CAROLINA at CHAPEL HILL

@ Previous Work: Styling Effects

© Static links — Used for hairstyle recovery by
connecting nearby guide strands
[Chang et al. 2002]

© Hair gel — Deform initial hairstyle where gel
applied
[Lee et al. 2001]

© Broken-up wet fur — Clumping of fur and
increase amount of specular reflection
[Bruderlin 1999]

The UNIVERSITY of NORTH CAROLINA at CHAPEL HILL

@ Previous Work: Hair Rendering

© Anisotropic lighting
[Kajiya and Kay 1989; Heidrich and Seidel 1998]

© Shadow computations
@ Deep Shadow Maps [Lokovic and Veach 2000]
© Opacity Shadow Maps [Kim and Neumann 2001]

© Light scattering from hair fibers
[Marschner et al. 2003]

The UNIVERSITY of NORTH CAROLINA at CHAPEL HILL

5, Organization

© Previous Work

@ Influence of Water and Styling Products
© Dual-Skeleton System

© Modifications of Physical Properties

© Modifications of Rendering Properties

© Implementation & Results

The UNIVERSITY of NORTH CAROLINA at CHAPEL HILL




¥, Hair and Water — Physical

© Hair absorbs up to 45%
of its weight in water

9 Stiffness of hair
increases by factor of 3

@ Wet hair less voluminous than dry hair

¢ I’Oréal: www.loreal.com, 2004.
* D. Johnson. Hair and Hair Care; Cosmetic Science and
Technology Series, Vol 17. NY Marcel Dekker, Inc., 1997.

The UNIVERSITY of NORTH CAROLINA at CHAPEL HILL

°, Hair and Styling Products

© Purpose is to change
physical behavior of hair

9 Exact effects vary by
product [Johnson 1997]

© Common effects: 2
© Stiffen hair motion No Product  Hairspray

£ Hold section of hair in place

& Strong adhesiveness between strand

The UNIVERSITY of NORTH CAROLINA at CHAPEL HILL

Organization

© Previous Work

& Influence of Water and Styling Products
% Dual-Skeleton System

© Modifications of Physical Properties

S Modifications of Rendering Properties

© Implementation & Results

The UNIVERSITY of NORTH CAROLINA at CHAPEL HILL

Hair Motion Properties

© Hair motion subject two types of motion

Resting

2 Global Motion — Overall positional changes
& Local Styling Motion — Cutl elongation under force

Tight Curl Loose Curl

The UNIVERSITY of NORTH CAROLINA at CHAPEL HILL




., Single Skeleton Systems

9 Stretching and comptession of skeleton
captures deforming hairstyle

9 Require intricate collision detection steps
© Recalculate bounding volume each time step, or

© Bounding volume remains inefficient or
inaccurate with changing hair

. Dual-Skeleton

2 Use two skeletons

The UNIVERSITY of NORTH CAROLINA at CHAPEL HILL

Global-Skeleton
[,

2 Global-Skeleton — Controls overall
global motion of hair

©Local-Skeleton — Provides position
guide and localized collision detection
scheme

Local-Skeleton

The UNIVERSITY of NORTH CAROLINA at CHAPEL HILL

Dual-Skeleton Setup

© Global-skeleton consists
of nnodes

Perpendicular
Plane
“ Local-

@ Hairstyle defined by
positioning local-skeleton
around global

© Local-points lie in plane

perpendicular to global
section e
Global-Skeleton

Dual-Skeleton Setup

Skeleton
)

The UNIVERSITY of NORTH CAROLINA at CHAPEL HILL

© Rendered hair follows local-skeleton

© Hairs in close proximity grouped
together

©Natural clumping of hair

@ Strands modeled as subdivision curves

The UNIVERSITY of NORTH CAROLINA at CHAPEL HILL




¥, Dynamics

@ Global-skeleton controls motion®
of hair

2 Bending — Angular spring force *

& Stretching — Linear spring force .

* Between two consecutive nodes

© All forces are applied to global- }
skeleton .
2 Wind, gravity

, Position Update

The UNIVERSITY of NORTH CAROLINA at CHAPEL HILL

© Global-skeleton moves from
spring forces

@ Update local-skeleton

© d; = Length of local section is
fixed

o dgi = Length of global section
Local-

© Calculate d; = distance between Skeleton
=/

global and local points

F
Global-Skeleton

The UNIVERSITY of NORTH CAROLINA at CHAPEL HILL

Position Update

@ As length of global-section
increases length of d;
decreases

2 Curl elongates

9 Length of local-skeleton fixed
2 Hair length preserved

l Local-

& .
Global skeleton section not Skeleton
)

permitted out of reach of local
point (length is clamped)

Global-Skeleton

Collision Detection

The UNIVERSITY of NORTH CAROLINA at CHAPEL HILL

© Swept Sphere Volumes
(SSVs) [Larsen et al. 1999]

@ Bounding volumes to
encapsulate hair

@ Shape closely matches hair
geometry

© Simple collision detection algorithm:

G Calculate distance between core shapes (line or
rectangle)

© Subtract appropriate offset (radius of each SSV)

The UNIVERSITY of NORTH CAROLINA at CHAPEL HILL




7' Localized Collision Detection

© SSV around each section of
local-skeleton

2 Skeleton section is core line of
Line Swept Sphere

© Provides tighter fit than around
global-skeleton section

2 Do not need to re-compute
shape SSV at each time step

Ours Others

The UNIVERSITY of NORTH CAROLINA at CHAPEL HILL

5, Localized Collision Detection

The UNIVERSITY of NORTH CAROLINA at CHAPEL HILL

Benefits of Dual-Skeleton

© Captures both global and local motion
of hair

© Ensures hair length preservation

© Provides accurate and efficient collision
detection at all times

The UNIVERSITY of NORTH CAROLINA at CHAPEL HILL

Organization

© Previous Work

@ Influence of Water and Styling Products
© Dual-Skeleton System

© Modifications of Physical Properties

© Modifications of Rendering Properties
© Implementation & Results

The UNIVERSITY of NORTH CAROLINA at CHAPEL HILL




., Physical Changes to Hair

© Adjusting dynamics properties
© Changing mass and spring stiffness of the hairs

© Flexible geometric structure

© Hair volume changes due to external substances

© Bonds between strands
© Form and break dynamically

@ Captures connection of strands

¢, Mass Adjustment

The UNIVERSITY of NORTH CAROLINA at CHAPEL HILL

© Forces applied to global nodes using formula:
F;=m;* a;

F;(force), m; (mass), a; (acceleration) of ith node
© Hair absorbs up to 45% of mass in water
m;=mg,,; + (md,yi* 45%) frvemess

m,,,;= dry mass of #th node

1, einess = fraction of water absorbed in hair

(0% > 100%)

Spring Stiffness

© Angular torque controls bending of strands

e ' Resting
Myi = ‘ angles
Spring

constants Current

angles
© Spring force controls elongation of global-
skeleton Resting length of
-'F:‘r.'u.i o _kf(.'m'{dyi - dgil}) global section
SpringJ LCurrent length of
constant global section
The UNIVERSITY of NORTH CAROLINA at CHAPEL HILL

The UNIVERSITY of NORTH CAROLINA at CHAPEL HILL

Spring Stiffness — Adjustments

© Styling products vary
widely

O Exact measurements differ

© Larger length spring
constant duplicates styling
products

Tight Curl — Higher k;

* Implicit integration

© Angular spring constant
increases slightly
Loose Curl — Lower ki,;

The UNIVERSITY of NORTH CAROLINA at CHAPEL HILL




Flexible Geometric Structure

© As hair gets wet it becomes less
voluminous

S Styling products decrease/ increase volume
of hair

© Vary thickness of strand group
@ Radii of hair section increase / decrease
SUpdate offset of SSV around local-skeleton

Radius Contraction

© Hair at 100% wet

& Smallest contraction is all strands in group
. Number of
directly next to each other

g“strands in
AreaOfGroup = (AreaOfStrand ) * group

Wet radius WRi =+/n*r Radius of single
~_/ L. strand

Cross-section
of Wet group

Cross-section
of Dry group

—
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Radius Contraction

@ Extend to variable amounts
of wetness

© Linear relationship based on
fraction of water

@ Thickness varies down
length of group 0%  50% 1

CRi = DR,- - (DR,' - WRi) fwetness

Cutrent | Df_)’J T wet
Radius ~ Radius Radius

Gradually Wet
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Dynamic Bonds

© Adhesiveness of styling products
© Strands move in larger groups
© Increased friction between strands

* Strands cannot easily pass over each other

© Dynamic Bonds form between touching
strand groups
© Formed on-the-fly where product applied

© Bonds broken under excessive force

Dynamic Bonds

The UNIVERSITY of NORTH CAROLINA at CHAPEL HILL

© Determine touching hair sections

© Hair-hair collision detection returns touching hair
sections

© Each hair section maintains list of touching hair
sections

© Spring force created between corresponding
global-skeleton nodes
& Strength of force based on strength of styling product
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Dynamic Bonds

Organization
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© Previous Work

© Influence of Water and Styling Products
© Dual-Skeleton System

© Modifications of Physical Properties

© Modifications of Rendering Properties
© Implementation & Results
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@ Rendering Hair

© Anisotropic Lighting
© Texture map
[Heidrich and Seidel 1998]

© Self-Shadow Computation
@ Opacity Shadow Maps
[Kim and Neumann 2001]

@ Accumulate opacity o of
strands hit by light rays
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@ Hair and Substances — Rendering

© Wet objects [Jensen et al. 1999]
S Darker
& Shinier
= More specular i 8\

@ Styling products on hair

9 Results vary widely based on
product

& Largely of water and alcohol

No Product )

Hairspray

£ Rendering similar to wet hair
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@ Influence of Water

© Thin film of water surrounds strand
@ Smoothes surface of fiber

@ Creates shinier appearance due to specular reflections

© Water absorbed into strand
© Higher opacity o: More aggressive self-shadowing
@ Index of refraction increases: total internal reflection
* Less light traverses core of fiber
* Hair appears darker
* More colorless light reflected
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@ Parameterization of Lighting

© Three main values influenced by water
2 Opacity a
© Shininess s
© Anisotropic lighting £,

© Vary control patameter vector V, = {a, s, £}
© Empirically obtain max and min
© Linearly interpolate based on wetness in hair,

etness

min mar min
VD = Vp + fu-f-:.:u'w[vp - Vp )
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@ Organization

© Previous Work
© Influence of Water and Styling Products

© Dual-Skeleton System
© Modifications of Physical Properties
5 Modifications of Rendering Properties

© Implementation & Results
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e
@ Modeling Wet Hair

© Adjust mass and spring stiffness
© Mass increases up to 45%
© Stiffness increases by factor of 3

© Alter geomettic tepresentation

& Radius contractions

© Parameterized lighting and shadow
computations

© Darker, shiner, mote specular
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T —
@ Wet Straight Hair
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@ Wet Curly Hair
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@ Hair with Styling Products

© Adjust mass and spring stiffness

© Larger increase in length stiffness retains curl

© Alter geometric representation

© Changes volume, depending on product

© Dynamic bonds between strands

@ Increased adhesiveness and friction between
strands

B Parameterize lighting and shadow
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@ Hair with Styling Products

No Styling

y Styling
Products

Products
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1!%’44 Performance

© Requires no pre-computations

© Runs at approximately the same rate with or
without substances present
@ Simulation: 4.16 seconds /frame
@ Rendering: 0.34 seconds/frame

Timings: PC with 1.8 GHz processor, GeForce® 4
graphics card

Hairstyle: 16 nodes per skeleton and 9,680 rendered
strands
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ﬂg’g Limitations

© Currently, wetness and styling products
applied evenly to all hairs
© Interface to place substance to specific hairs

© Interactive hairstyling tool

© Approximate lighting equations used
& Faster rendering algorithm

© Easily integrated with multi-resolution hair
simulation for interactive use

The UNIVERSITY of NORTH CAROLINA at CHAPEL HILL
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¥, Summary

© Presented techniques for modeling hair with
water and styling products
© Dual-skeleton model for hair
* Captures various hair motions
« Efficient and accurate collision model
© Modifications of physical and lighting properties

© Techniques can be used together ot separately
integrated with various hair modeling schemes
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. Current and Future Work

© Integrate techniques with multi-resolution
hair modeling [Ward et al. 2003]

© Interactive hair simulation and rendering

© Create 3D user interface
© Direct application of substances

S Manipulation of hair to create various hairstyles

© Account for plasticity of hair with water

The UNIVERSITY of NORTH CAROLINA at CHAPEL HILL
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