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ABSTRACT

In this paper we present an effective method for modeling
realistic curly hairstyles, taking into account both artificial
hairstyling processes and natural curliness. The result is
a detailed geometric model of hairs that can be rendered
and animated via existing methods. Our technique exploits
the analogy between hairs and a vector field; interactively
and efficiently models global and local hair flows by super-
imposing procedurally defined vector field primitives that
have loca influence. Usualy only a very small number
of vector field primitives are needed to model a compli-
cated hairstyle. Aninitial model of hair strands is extracted
from the superimposed vector fields by tracing their field
lines. Random natural or artificial curliness can be added to
the initial model through a parametric hair offset function
with arandomized distribution of parameters over the scalp.
Techniques for shearing and clustering are also designed to
improve the overall appearance of the hair model. Our tech-
nique has been successfully applied to generate a variety of
realistic hairstyles with different curliness and length distri-
butions.

Keywords: Hair Modeling, Deformations, Vector Fields,
Offset Functions

1 Introduction

Modeling human characters poses some of today’s most
challenging problems in computer graphics. Modeling and
designing natura hairstyles is one of them since a good
hairstyle is crucial to a person’s appearance. Realistic rep-
resentation of human hair presents problems in all aspects
of computer graphics technologies, i.e. rendering, shape
modeling and animation [10, 6, 11, 12, 20, 14, 13, 1, 4, 3].
We classify hairstyling as a shape modeling problem. Most
previous work on hairs only considers creatures and furry
objects [10, 6, 16, 13] with short hair. There are basically
two different techniques for modeling long hairs.

The Wisp model has been used with some success in
some of the papers [26, 4, 3]. It typically models the hair
by assigning a set of example hairs to the patches or ver-
tices on the scalp, and then procedurally fill in the hairsin-
between using interpolation and a certain level of random-
ness. However, specifying an example hair for each sur-
face patch on the scalp and modeling new example hairs not
in the original set need significant amount of user interac-
tion, and can be laborious and tedious. The other approach
models hairs by tracing particle trajectories through motion
vector fields [25, 7]. [25] considers the motion field as the
inducing force field and emphasizes the dynamic appear-
ance of hair instead of complex static hairstyles. [7] needs
to ssimulate the dynamics of a flow vector field to obtain
particle trgjectories. Controlling the dynamics to produce
desirable hairstyles remains difficult. A few hair modeling
plug-ins [23, 24] have been commercially available for 3D
Studio MAX and the Alias’'Wavefront Maya modeling sys-
tem. They adopt either of the two approaches. However, a
survey of the features available in these commercia pack-
agesis beyond the scope of this paper. In aword, efficiently
modeling and designing complex wavy hairstylesfrom long
curly hair remains atough problem.

The most important thing in a hairstyle lies in the way
hair strands curve and deform. The causes for hair de-
formation can be summarized as natural curliness, artifi-
cia hairstyling processes and deformation under external
forces such as gravity, collision and static charges. Accord-
ing to [9], the degree of natural curlinessisindicated by the
curvature of a hair strand when it is not under any exter-
nal forces. In an actual hairstyling process, many artificial
procedures are provided by a hairdresser, such as perming,
combing, shearing and the application of cosmetics. The ef-
fects of perming and cosmetics are most influential to cause
long-term artificial hair deformation. They overcome nat-
ural curliness, and make hairs hard to model. Lastly, hairs
bend under gravity and collision. The degree hair strands
bend shows the synergy between hair pliability and these



external forces. This effect is easily reversible because a
hair can resume its original shape as these forces disappear.

Because of artificial hairstyling and external forces, hair
strands do not grow and curve completely randomly in all
directions, but follow certain global as well as local flow
patterns. For example, long hair is usually draped down,
and nearby strands usually form a cluster and deform in the
same way. However, thereis till small amount of random-
ness that distinguishes strands from each other in the way
they curve. Other essential factors to hair appearance lie
in the natural and physical properties of hair, including hair
color, width, pliability, and volumetric appearance.

A hairstyle modeling method for our purpose should be
computationally tractable, while considering all the factors
for hair deformation as well as other properties. A novel
technique dealing with the intrinsic factors as well as the
artificialitiesis desired. It should also have a friendly inter-
face to both rendering and animation[12, 20, 1, 4] since we
would lose much of the natural beauty of hair if we excluded
the potential to apply any of these technologies.

In this paper, we introduce a series of novel techniques
for modeling and designing hairstyles. These techniques
include

e an approach to simulate both global and local hair
flows using vector field primitives,

e ageneric offset function to simulate natural curliness
and random small-scal e deformations,

e methods for shearing and clustering.

The techniques we introduce here have a number of ad-
vantages: i) the approach is extremely expressive, and can
efficiently produce a variety of realistic hairstyles using a
small number of parameters; ii) The user has full control
of the design process, therefore, is able to produce novel
hairstyles from imagination; iii) They have a good inter-
face to rendering and animation; iv) The algorithms are ef-
ficient.

1.1 Overview

Previous approaches either model individua hairs explic-
itly [1, 26, 20, 4, 3] or moddl al hairs collectively as avol-
ume with a density at each point [10, 18]. We take the ex-
plicit approach here, considering the enormous variations
of hairstyles. The input to our method is a polygonal model
of a head including the scalp and face. Our overall virtua
hairstyling process has the following multiple steps. 1) se-
lect aregion onthe scalp for hair growth; 2) specify alength
distribution for hairs growing from the region; 3) select a
set of vector field primitives interactively and specify their
corresponding rigid transformations to produce a global
vector field; 4) extract an initial model of the hairs from
the vector field; 5) edit each strand using an offset function

to produce random curliness; 6) pull together nearby hairs
to formclusters; 7) render the generated hairs.

The rest of the paper is organized as follows. Shearing
techniques are presented in Section 2. Hair modeling by
vector field primitives is introduced in Section 3. Adding
additional random curliness is discussed in Section 4. We
briefly talk about rendering in Section 5, and present results
in Section 6.

2 Shearing

We first need to define the region on the scalp where hair
should be grown (Fig. 4(a)). The contour of this region is
generated by linearly interpolating the 2D polar coordinates
of afew points, which have been interactively selected in
a flattened map of the scalp. The center of this map aigns
with the top center of the scalp. Once specified, the same
region can be repeatedly used for multiple hairstyles.

Shearing is the starting point of hairdressing. Every
hairstyle needs a corresponding hair length distribution.
The length of a particular strand is determined by the lo-
cation of its root on the scalp. We use the vector between
the root of the strand and the centroid of the scalp to de-
fine this location in a 3D polar coordinate system. Hair-
dressers sometimes cut hair with respect to some reference
planeg[28, 22]. For example, they would cut lower part of
the hair to a horizontal plane at the bottom of the neck, and
pull upper part of the hair straight up and cut it to a hori-
zontal plane on top. At other times, the hair would be cut to
have a smoothly varying length[ 28, 22].

According to these two shearing styles. We designed two
representations for hair length distributions. The first oneis
based on a BSP tree. The plane defined for an interme-
diate node of the BSP divides a region on the scalp into
two smaller ones. The plane at aleaf node of the BSP ac-
tually defines a reference plane for hair-cutting. All hairs
rooted in the region corresponding to that leaf node should
be cut to the reference plane given at the same leaf. This
is done by setting the length of a strand to be the length of
the shortest path outside the scalp between its root and that
reference plane. So part of the shortest path may be curved
and lying on the scalp. We actually use a sphere to approxi-
mate the shape of the scalp to accelerate this calculation. A
hair length distribution based on this BSP representation is
shown in Fig. 4(b)-(c).

The second representation isalinear interpolation model
based on the length specified at six pre-defined |ocations on
the head. They are the intersections between the head and
the three axes of a canonical coordinate system centered at
the centroid of the head. There is not really hair growing
on the front and bottom sides of the head. But the speci-
fied length, which can be negative, at the two intersections
on these two sides will be needed for linear interpolation.
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Figure 1. (a) An electric field induced by apos-
itive point charge; (b) an electric field induced
by two opposite point charges.

The six points can be connected to construct eight triangles
with an overall diamond shape. Every point on the scalp
can be projected onto the surface of this diamond shape us-
ing the centroid of the scalp as the center of projection. For
aparticular strand, we can locate which of the triangles the
projected point of its root belongs and determine its length
by linearly interpolating the length at the vertices of the tri-
angle. Thismodel corresponds to the second shearing style.

3 Modeing Hair Flow with Vector
Field Primitives

We decide to use vector fields to simulate both global and
local hair flows caused by perming, combing and cosmet-
ics because both have clear orientation at each point and
both belong to volumetric data. Vector fields are particu-
larly useful in modeling the volumetric appearance of hair.
In computer graphics, there has been considerable amount
of previous work on visualizing vector fields with volume
rendering techniques [2], and applying the concept of vec-
tor fields to nonphotorealistic rendering[8]. Motion vector
fields have also been applied to hair modeling and anima-
tion in [25] and [7]. However, [25] has emphasis on hair
motion by repeatedly tracing particles with afixed life-time
through a motion field which changes over time; and [7]
only adopts a 2D flow vector field without the capability
of composition for complex styles. These methods require
either synthesizing or simulating the dynamics of a motion
field. This section independently develops an intuitive and
flexible technique to model complex 3D curly hairstyles us-
ing static 3D vector fields. In aword, we need to work out
how to interactively design a vector field that looks very
much like natural hair when visualized. The use of static
vector fields for hair modeling removes the complexity of
simulating the dynamics of amotion field, and provides eas-
ier and more direct control of the modeling process.

A 3D vector field can be considered as a mapping from

adomain Q C R3 to the 3D vector space. The returned
3D vector from this mapping specifies a unique orientation
and strength of the field for every nonsingular point in the
domain Q. There may be singular points, such as sources
and sinks, in the vector field with infinite magnitude and
not well-defined orientation. If we put two vector fields
together, the vector corresponding to a point in the super-
imposed field should be the summation of the two vectors
in the original fields. A field line in a vector field is a 3D
curve such that the tangential direction at a certain point on
the curveis collinear with the field orientation at that point.
Fig. 1(a) and (b) show the field lines of electric fields in-
duced by a positive point charge, and by two opposite point
charges, respectively.

3.1 Vector Field Primitives with Local |nflu-
ence

It is difficult to generate a complete vector field for a com-
plicated hairstyle at once. To have easy control and edit-
ing of hair flows globally as well as in some local regions,
we need to decompose the global vector field into multi-
ple primitives with each one responsible for one feature in
the hair flows. For example, we can use afield primitive to
bend hairs towards the back of the head. We also need an
intermediate level of local control. For example, hairs on
the forehead may curve quite differently from those on the
back of the head. But we definitely do not want to edit the
shape of each individual strand. Vector field primitives can
satisfy these requirements. They are procedurally defined
simple vector fields with each one having a rigid transfor-
mation between the world coordinate system and its local
coordinate system. Therigid transformation can be interac-
tively edited to change the position and orientation of avec-
tor field primitive. We can easily edit the global vector field,
therefore global hair deformation, by inserting new vector
field primitives, deleting existing primitives, or modifying
therigid transformations of existing primitives.

The orientation and strength of a vector field primitive
at acertain point is provided by two separate (procedurally
defined) functions. Usually we require that they are contin-
uous functions. To achieve loca influence, the strength of
a field primitive is actually a product of the inherent field
strength and a spatial term that diminishes with increasing
distance from a reference point in the field. In practice,
we have used three common functions for the spatial term,
namely, uniform, inverse power and a smoothly decreasing
function connecting two constants. Theinverse power func-
tion is defined as
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where r is the distance from the considered point to the ref-
erence point, sg, ro and e are constant parameters. This



function createsasingular point at » = rq with infinite mag-
nitude. Hairs closeto this singular point are deformed dom-
inantly by the field primitive creating this singular point. If
asingular point is not desirable, the inverse power function
can be replaced with an exponentia function which decays
when r increases.

The smoothly decreasing function is defined as
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where a cosine function connects two constant parameters
sp and s;. Either sq or s; can be set to zero. Local influ-
ence can be achieved by setting s; to zero. The product of
Eg. (1) and (2) provides another possible spatial term which
has infinite magnitude a » = r(, and finite (possibly zero)
magnitude at r = ry.

Thelocality of avector field primitive can also be defined
on the scalp. We can associate alist of local regions on the
scalp with afield primitive so that only hair strands growing
from these regions can be affected by this field primitive.
The union of these local regionsis called the domain of the
field primitive.

3.2 Vector-Tracing for Hair Extraction

A number of vector field primitives superimposed together
define a global field which forms the base for all hairs.
The superimposed field obviously follows the definition of
avector field. We still need to extract hair strands from this
vector field by tracing field lines. The starting point of a
hair strand is always at its root on the scalp. The roots of
all hairs are randomly distributed in the region of the scalp
where hair should be grown. At every step during tracing,
we need to evaluate each field primitive whose domain cov-
ers the root of the considered strand, and sum up al the
vectors from these evaluations. Then the considered hair
strand extends by a certain step size aong the direction of
the accumulated vector. This is repeated until the hair has
reached its predefined length. We can either use a small
constant step size or an adaptive step size that dynamically
changes according to the local curvature of the hair strand
being traced. So we can see that hair strands are actually
represented as 3D piecewise linear curves.

Two properties of the extracted hair strands can be sum-
marized as follows when an infinitesimal step sizeis used.

1. If at acertain point P, each of the vector field primitives
is continuous with respect to both magnitude and ori-
entation, and the magnitude of the superimposed vec-
tor field isnonzero, then the hair curve passing through
Phas C'!' continuity at P,

2. If the vector at a certain point P in a vector field is
uniquely defined, there are no hair curves intersecting
each other at P,

The first property indicates that most of the hair curves
traced out have C'! continuity which guarantees smooth ap-
pearance. However, there exist singular points in a vector
field where the magnitude of the field becomes zero and the
orientation is not well-defined. Fortunately except for field
sources and sinks, it isunlikely that a hair curve passes such
asingular point.

The second property indicates that hair curves usually
do not cross each other and they form nonintersecting lay-
ers, which isessentially avolumetric representation and im-
proves realism by letting us sense the thickness of the hair.

We need to further consider hair-scalp collision during
vector-tracing. To detect whether a strand has gone under-
neath the scalp, we generate a spherical depth map centered
at the centroid of the scalp from the set of polygons repre-
senting the scalp and face. At each step of vector-tracing,
the depth value of the currently considered hair vertex is
compared with the corresponding onein the spherical depth
map. In caseit is smaller, we increase the depth of the ver-
tex until it moves outside the scalp.

An example of avector field and the extracted hair model
from the vector field are shown in Fig. 4(d)-(f).

3.3 Examplesof Vector Field Primitives

We introduce a few important vector field primitivesin this
section. Some of them were actually inspired by electro-
magnetic fields[27]. In thefollowing, we adopt some names
from electromagnetic fields. But the definition of those
fields have been dlightly changed. In most situations, the
strength of the field can be redefined to incorporate either
Eq.(1) or (2). Although each of these field primitives is
quite simple itself, multiple superimposed field primitives
can lead to avery complicated vector field whosefield lines
have the shape of desired natural hairs. Declarations of new
field primitives can be integrated into our framework quite
conveniently.

e Electric Field of a Point Charge The orientation of
any point in this field is either pointing to or pointing
away from the point charge which is also the reference
point of thisfield. Thisfield can be used to attract hair
to or repel hair from a certain point. Similarly, we can
define an electric field of aline segment.

e Electric Field of an Ellipsoidal Charge We can de-
finethisfield by introducing afamily of ellipsoidsin a
canonical coordinate system as follows.
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where r is avariable parameter and a, b and ¢ are con-
stants. Any fixed value of r defines an ellipsoid from
this family. The orientation of a point in this field
is collinear with the normal direction of the elipsoid
from the above family and passing through this point.
The particular value of r for this ellipsoid is used to
define the spatial term in field strength at that point. A
very thin elipsoidal field primitive can function as a
hair divider (Fig. 3(a)).

e Magnetic Field Induced by a Linear or Arc Cur-
rent The field lines of a linear current form concen-
tric circles around and perpendicular to the line seg-
ment inducing the field. The orientation of the field
at apoint is tangential to the circle passing that point.
This field can wrap hair around it and therefore sim-
ulate the perming effects of a hair roller (Fig. 3(b)).
If we tune the orientation at each point so that it isa
little bit away from the tangential direction of acircle
passing that point, spiral hair strands can be obtained.
The distance r in the spatial term is determined by the
shortest distance from the considered point to the line
segment. Similarly, we can define a magnetic field in-
duced by an arc current.

e Field Simulating a Comb If weinduce afield around
a short line segment by defining the orientation at any
point in the field to be parallél to the line segment, we
can simulate the effects of a comb.

e Field Primitives for Volumetric Waves To design
regular volumetric wavy structures in a local region,
we introduce a field primitive defined in a pyramid
with infinite height and with its apex at the centroid
of the scalp. Any hair intersecting this pyramid will be
affected and become wavy. The orientation of a point
in thisfield is collinear with the vector connecting the
point and the centroid of the scalp. The strength of the
field isan angular sinusoidal function which meansthe
period of the wave becomes smaller when it gets closer
to the centroid of the scalp. By applying thisfield, the
phases of the hair waves within the pyramid are forced
to be synchronized no matter where the roots of the
strands are (Fig. 3(c)). Section 4 will introduce tech-
niques to obtain random asynchronous hair waves.

3.4 Modeding Pliability

Every hair strand has a certain amount of strength to re-
sist external attempts and maintain the path of its original
sweep. Therefore, the actual path of a hair should deviate
from thefield lines of the vector field. Suppose we know the
original sweep of ahair. By default, the sweep is a straight
line. Without any external influences, the hair should extend
along the tangential direction of its sweep at each point. To

model hair pliability, we need to revise the above vector-
tracing. At every step, in addition to accumul ate the vectors
from all field primitives, we also consider the tangential di-
rection of the origina hair sweep. Therefore, the final di-
rection for hair growth at each point is a weighted average
of the tangential direction and the accumulated vector.

In general, the original sweep of ahair isasmooth curve
passing through a sequence of control points. For the rea
son mentioned above, we need to use tangentia directions
at points on the sweep during vector superposition instead
of 3D positions of the points themselves. So we designed
atechnique to directly estimate the tangential direction of a
point on the sweep without explicitly solving the curve rep-
resenting the sweep. We assume the actual arc length of the
part of the sweep between two consecutive control points
is proportional to the distance between the two points. The
tangentia direction of any point on this part of the sweep
is obtained by linearly interpolating the tangential direc-
tions at these two control points. The tangentia direction
at acontrol point can be estimated in advance by numerical
differentiation from itself and the preceding and following
control pointsin the sequence. Special casesfor thefirst and
last control points need to be considered separately. Thus,
the estimated tangential directions of the origina sweep of
astrand can be used during hair tracing to model pliability.
Asaresult, we abtain an updated sweep for each strand be-
cause of the influence of the vector field. As a by-product,
we can also estimate the original sweep itself by tracing
the tangential directions. The accuracy becomes better with
more control points. This is analogous to solving ordinary
differential equations using Euler’s method[19].

Externally defined curves can be imported into our
framework by specifying theimported curves asthe original
sweeps of hair strands. These curves further deform under
the influence of the vector field. As mentioned, we have
to use the tangential directions of the curves during vector-
tracing. An example of an imported curved hair sweep is
illustrated in Fig. 3(d). We can view this part as the inter-
face between the Wisp model and our framework.

4 Generating Random Curliness
with an Offset Function

Given the hair flow pattern from the previous section, we
still need to add natural curliness of hair strands and even
somelocal randomnessin the sweep of each strand to create
an overall natural appearance. To achieve this, we first de-
fine a specific offset function for hair strandsin a canonical
coordinate system, then reconstruct curly hairs by modul at-
ing the hair sweeps from vector fields with this function.



Figure 2. The canonical coordinate system for
the hair offset function.

4.1 Offset Function

We assume that the underlying hair strand is a straight half
line coincident with the positive z-axis of the canonical co-
ordinate system for the offset function, and the origin is
a the root of this strand. The offset function is a two-
component function that returns the offsets along both z—
and y— axes given a z value(Fig. 2).

According to [15], there are three primary types of natu-
ral hair waves, namely, auniplanar wave, adished wave and
ahelix. A uniplanar wave looks very much like a planar si-
nusoidal wave, while a dished wave looks like a sinusoidal
wave which has been mapped onto half of acylindrical sur-
face with the axis of the wave lengthwise along the cylinder.
[15] further presented the author’'s research results on the
main reason for the formation of these waves, which is the
sequence of periodical contraction and relaxation of small-
scale muscles that are in control of the various follicle con-
figurations. Please note that an artificial helix can also be
shaped with a hair roller during perming[28] by first wrap-
ping hairs around the roller and then removing the roller
aong its symmetric axis.

We can see that all three types of hair waves can be eas-
ily represented with our offset function athough we do not
have to be restricted to these types when synthesizing wavy
hairs. The uniplanar wave can be represented with a sinu-
soidal offset for the x-axis and a zero offset for the y-axis.
A helix can be represented with asinusoidal offset for the -
axisand acosinoidal offset for the y-axis. The dished wave
can be represented with a sinusoidal offset for the z-axis,
but the wave for the y-axis is a more complicated function
which always returns a positive offset value and whose pe-
riod isat most half of the period of the wave for the z-axis.

Although avariety of parametric or procedurally defined
functions can be used, we designed a specific class of offset
functions with a fixed number of parameters as follows.

Wave(t) = Mag(t) sin(2n(Rt + Po)t + ¢o) + Bias (4)

where ¢ is the function variable; R, Py, ¢y, and Bias are

constant parameters; and

Mag(t) = A+ Btexp(—at)+ C(1 —exp(—/ft) +

Dexp(y(t —to)) Q)

where A, B, C, D, a, 3, v, and ty are al constant param-
eters. We can see this is basically a sinusoidal wave with
variable period whose initial value is Py, and with variable
magnitude whose initial valueis A. If R > 0, the period of
the wave becomes smaller as we move closer to the tip of
the hair, which is a common phenomenon exhibited by real
wavy hairs. The last three termsin Eq.(5) allow usto vary
offset magnitude at different parts of ahair strand. The sec-
ond term reachesamaximum at ¢ = 1/«; the third term be-
comes close to C' with sufficiently large ¢; and the last term
increases exponentially especially when ¢ > ¢y which can
be used to model curly features at the end of a strand. With
two sets of different parameters, this function can model
offsets along both z- and y-axes. All the examples shown
in this paper use this parameterization of the offset function.

4.2 Editing Hair Sweeps with the Offset
Function

To modulate a hair sweep from vector fields with the above
offset function, we need to consider the hair sweep as the
parametric axis for the variable ¢ in the offset function. For
a certain point p on the sweep, its corresponding ¢ value is
the accumulated arc length between p and the root of the
sweep. Thus, we can obtain a pair of offset values for each
point on the sweep.

We still need to define alocal coordinate system at each
point on the sweep to impose the offsets. The z-axis of the
local system at a point p is always the tangential direction
of the sweep at p. We use the vector between the point p
and the centroid of the scalp as an UP vector for the local
system. Then both x- and y- axes can be derived from the
UP vector and the z-axis. So p is origindly at the origin
of thislocal system. Its new location is aways on the local
xy-plane and is determined by the pair of offsets returned
from the offset function. [21] presents a similar ideato edit
details of a2D curve.

4.3 Random Curliness

To achieve natural appearance, obviously we should not
edit all hair sweeps with the same set of offset parame-
ters. On the other hand, random hair curliness is far from
white noise. The author of [15] observed smoothly spatially
varying initial phase, ¢ in Eq.(4), in hair waves. During
perming, usually aloca cluster of hair is wrapped around
a roller, which suggests that hair waves from that cluster
share similar shapes. In practice, we set up a multi-scale
grid over the scalp in a polar coordinate system, and gener-
ate smoothly varying random parameters for the offset func-



tion using Perlin’s noisg[17] given the mean and standard
deviation of each parameter for each scale.

4.4 Hair Clustering

Because of cosmetics and static charges, nearby hairs tend
toform clusters. Thiseffect ispartially dealt with in Section
4.3 when multiscale noise is synthesized. Hairs growing
from the same cell in the highest resolution grid have the
same parametersfor the offset function, therefore tend to be
close to each other. Here we introduce an additional offset
to further reinforce this effect when the previous treatment
is not enough. One hair is chosen to be the representative
of the hairs growing from the same cell in the grid. Each
vertex on other hairs from the same cell is forced to move
by a certain distance towards its corresponding vertex on
the representative hair. Hair clusters become obvious after
this step.

Fig. 5(a)-(c) show the difference the offset function can
make on hair appearance. Fig. 5(d) demonstrates the effec-
tiveness of the hair clustering step.

5 Rendering

Hair rendering is not the focus of this paper. However, we
need rendering to produce visually appealing results. Most
of the time, the diameter of ahair strand is smaller than the
sizeof apixel. Antialiasing can be considered mandatory to
generate reasonable results. Usually supersampling is used.
Some of the rendering algorithms [12, 20] model the seg-
ments of hair strands as extremely thin cylinders. Thisis
actually not necessary. We can directly render hair strands
as a set of line segments with one-pixel width in a super-
resol ution image which will be filtered down to an appropri-
ate resolution regarding the diameter of the strandg[1]. We
adopt the latter scheme. The length of each line segment is
on the order of 1mm to make curved strands look smooth.
Each individual hair strand is shaded using the model in
[10]. Self-shadows among the strands is generated from the
modified shadow buffer algorithm presented in [12] which
already produces good results. The agorithm in [14] can
also be applied for better shadowing effects.

6 Results

We have applied our techniques to modeling a variety of
hairstyles with different degrees of curliness, and obtained
satisfactory results. Some of the hairstyles are shown in
Fig. 6. They look natural and realistic. All the vector field
primitives are defined as functionsin the C++ programming
language. It israther easy to insert new field primitives by
writing short C++ functions. All the hairstyles shown in
this paper were produced from eight vector field primitives.
We need to use multiple instances of the same primitive.

Each instancing needs anew rigid transformation, including
atrandation and a rotation, between the world coordinate
system and the primitive'slocal system, which can either be
interactively adjusted by the user or be randomly generated.
The user also needs to specify the parametersin Eq. (1) or
(2) to define the new primitive's influence region.

The number of instances of field primitives used by each
hairstyle in Fig. 6 is summarized as follows: 13 for Fig.
6(a), 12 for Fig. 6(b), 12 for Fig. 6(c), 273 for Fig. 6(d), 2
for Fig. 6(e), and 11 for Fig. 6(f). Therigid transformations
of the 273 vector field instances for Fig. 6(d) were actually
randomly generated and distributed over the scalp. They are
instances of the field primitive induced by alinear current.
For the other five hairstyles, the time for user interaction
istypically between one and two hours. Obvioudly, it only
took afew minutes to instantiate the two primitives for Fig.
6(e).

For each local cluster of hairs, the parametersin Eq. (4)
are randomly generated. The mean and standard deviation
of each parameter at each scale are fixed for al hairs, and
are specified by the user. For the results shown here, we use
two levels of scalesto generate the random parameters. The
final hair wavesin Fig. 6(a) and in Fig. 6(€) actualy have
the same average magnitude, 5mm. However, hair waves
in Fig. 6(e) look more random because they have a much
shorter period and a much larger standard deviation for the
initial phases of the waves. The hairsin Fig. 6(c) have an
average magnitude of 1mm to give a smoother look.

Each hairstyle in Fig. 6 has about 50,000 hairs. It
took between 30 seconds and 4 minutes on a Pentium 111
733MHz processor for our program to go through the mul-
tiple modeling stages and output the final hair deforma-
tion. The actual amount of time depends on the density
and length of the hairs. The worst-case time complex-
ity of our program is O(N M) where N is the number of
vertices in the hair model and M is the number of vector
field primitives because the step on deforming hairs with
offset functions only has linear complexity, O(N). Since
each hairstyle typically has a small number of field prim-
itives, this complexity does not impose any serious prob-
lems. Since each primitive may even have its own local in-
fluence region, this complexity can be easily reduced with a
space partitioning scheme. The 273 primitivesfor Fig. 6(d)
are actually mutually exclusive with each hair influenced by
only one primitive, which drops the time complexity for this
particular exampleto O (V).

7 Conclusions and Discussions

In summary, we have presented and demonstrated a new
method for modeling realistic curly hairstyles, taking into
account both artificial hairstyling processes and natural
curliness. It exploits the analogy between hairs and a vec-



tor field; interactively and efficiently models global and lo-
cal hair flows by superimposing procedurally defined vector
field primitives that have local influence. An initiad model
of hairsis extracted from the superimposed vector fields by
tracing their field lines. Random natural or artificial curli-
ness can be added to the initial model through a parametric
hair offset function. With our approach, a user can design
realistic hairstylesfairly easily either according to hisimag-
inations or according to some real examples.

Our approach is targeted at designing virtual hairstyles.
One possible future research direction is combining image-
based modeling techniques [5] with our approach to digi-
tize real hairstyles. But we are concerned about two issues
with such a hybrid approach. First, images only capture the
appearance of the visible parts of the hairs. It is hard to fig-
ure out the location on the scalp each hair is growing from.
Thereisalso not enough information availableto model vol-
umetric hair appearance which isparticularly useful for hair
animation. Second, thewidth of ahair ismost likely smaller
than that of a pixel. It is difficult to distinguish the data for
each individual hair strand from images.

Another interesting problem is modeling braided hair.
Braided hair has more complicated deterministic structures,
but less random structures. However, it is still possible to
define braiding patterns procedurally.
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Figure 4. (a) A polygonal head model and the
selected region on scalp for hair growth; (b)
a length distribution represented with a BSP
tree; (c) a visualization of a vector field gen-
erated from twelve field primitives. The ori-
entation at each point is pseudo-colored with
brightness indicating field strength; (d) the
initial hair model extracted from the vector
field in (c).

(d)

Figure 3. (a) As shown here, a thin ellipsoidal vector field primitive can be used for dividing hairs;
(b) the magnetic field induced by a linear or arc current can be used as a perming roller to wrap hair
around; (c) synchronous volumetric wave produced from the last primitive introduced in Section 3.3;
(d) an imported curved hair sweep is integrated into a vector field to create a curly tip for the hairs.

Figure 5. (a) A simplistic initial hair model ex-
tracted from a vector field with only two prim-
itives; (b) an improved version after modulat-
ing the intial model in (a) with random offset
functions at a fine scale; (c) another version
by modulating the model in (a) with random
offset functions at a coarse scale. (b) and (c)
look quite different because of different offset
functions; (d) the appearance of the model in
(b) is improved by further clustering nearby
hairs;



(@) (b)

Figure 6. A list of six hairstyles produced from our techniques. These hairstyles have different length
distributions and different levels of curliness. (f) is produced from the curved hair sweep in Fig. 3(d).
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