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Abstract

This paper proposes a new geometric model for simulating the structure and behavior
of brushes used in traditional Chinese painting. The geometric model uses a novel para-
metric representation of the internal structure of a real brush coupled with an intuitive
approximation of soft brush dynamics suitable for use in a real-time painting system. The
goal of this model is to allow a digital artist to produce realistic Chinese brush painting

by capturing the minute details of a real brush.



1 Introduction

In Chinese brush painting each stroke exists on its own as a piece of art. The distinct
characteristics of a brush stroke come from the combination of a painter’s skill with the
unique physical properties of the paper, ink, and brush. As an artist paints the brush
bristles deposit ink and water on the paper, the ink and water diffuse through the paper,

and the bristles deform due to external forces.

Digitizing the painting process requires a solution to three distinct problems: model-
ing ink and water diffusion in paper, modeling soft brush dynamics, and creating a stroke
input method. Recent research demonstrates that solutions to the latter two problems
are more fundamental for capturing the style of Chinese brush painting [CT02]. Until
recently, however, nearly all research has focused exclusively on the first problem. The
Parametric Hairy Brush (PHB), described in this paper, is a new brush model designed
to realistically simulate the Chinese brush. The two key properties that distinguish the
PHB from previous brush models are a simple and flexible geometric representation of
the internal structure of a real brush and the ability to simulate a wide range of stylistic

effects “out of the box” without manual configuration of esoteric parameters.

Before introducing the PHB design this paper offers a brief survey of the most
important research on simulating brush painting. The survey provides a guide through
previous attempts to solve the aforementioned problems and motivates the development
of the PHB. Following the survey, the PHB design is described in detail along with
a discussion of major design decisions and implementation issues. Finally, the PHB
is compared against the two other leading Chinese brush painting systems in terms of

aesthetic results and brush model properties.



2 Related Work

This section, through the presentation of keystone research, shows the evolution of brush
painting systems. The significant findings of each work are demonstrated to illustrate
how they shaped the direction of future research and ultimately motivated the PHB.
It also describes in detail the three problems encountered in brush painting simulation:

modeling the brush, modeling ink diffusion, and handling user input.

2.1 Hairy Brushes [Str86]

In 1986, Steve Strassmann of the MIT Media Laboratory published the seminal work
“Hairy Brushes.” This paper, based on his masters’ thesis, reports on a novel system
designed for simulating Japanese sumi-e ink and brush painting. Characterized by its
simplicity, sumi-e paintings consist of a few well placed ink strokes on rice paper. This
simplicity made it an ideal choice for simulation on the CPU performance bound machines
of the mid 1980’s.

Strassmann’s solution uses a collection of abstractions — the brush, the stroke, the
dip, and the paper — to divide the painting system into logically separate components.
The abstractions were chosen to provide a flexible framework for experimentation. For
instance, instead of painting directly to pixels on the frame buffer, the paper object could
composite an ink value with paper texture map value before rendering the final pixel to
the frame buffer. The high degree of flexibility and correspondingly rich experimental
environment made Strassmann’s work a model for future painting systems.

In order to employ the abstractions in a painting system, Strassmann implemented
the objects in Zetalisp on one of the Media Lab’s LISP machines. In this implementation
painting is a two step, non-interactive process: first user input is collected to define a

brush stroke and then the program renders the stroke.

A stroke object is created by using a mouse to specify control points that define a



cubic spline. When a control point is selected the user specifies the brush pressure to be
applied at that point using keyboard bindings. After defining a spline, it is approximated
as a series of line segments. At each joining of two line segments a new perpendicular
line segment is defined. It is bisected by stroke path and its length is proportional to the
pressure value interpolated at the joint. These lateral segments are connected to each
other at their end points — generating a series of quadrilaterals along the spline. These

quadrilaterals define the stroke body and are stored in the stroke object for later use.

After preparing the stroke object the user interaction phase is over and it is ready
to be stroked by the brush object. The brush is represented as a simple linear array of
bristles, each connected to an independent ink supply. Using heuristic update rules, the

position of each bristle and the state of its ink supply evolve over the length of the stoke.

Each bristle deposits ink onto the paper object if the bristle’s ink supply is not
depleted and the bristle contacts the paper with sufficient pressure. Ink deposition is
accomplished by sending a message from the brush object to the paper object specifying
which position is affected as well as how much ink to deposit. The paper object can then
apply any desired preprocessing, such as composition with a texture map, before writing
the final pixel data to the frame-buffer.

In order to create strokes with differing stylistic effects, the dip object is used to
control which bristles are supplied with ink and with how much they are supplied. For
example, to create an effect such as a stroke that becomes drier over time, the dip object
can apportion a relatively small quantity of ink to a large percentage of the bristles.

Strassmann’s was able to account for many of the interesting characteristics seen in
simple sumi-e style paintings. The overall process of painting, however, is far from what
a real artist experiences. Each stroke has to be created off-line as a series of specified
points and pressures. After specifying these properties a typical stroke required one
to two minutes to render. This performance issue prevented implementing a real-time

painting system and or a more natural method of painting strokes.



The lasting importance of Strassmann’s work is the architecture he defined for de-
veloping brush painting systems. Virtually every paper on brush painting since the pub-
lication of “Hairy Brushes” cites his work and employs an architecture heavily influenced

by Strassmann’s abstractions.

2.2 The Introduction of a 3D Brush [Lee01, Lee99]

After Strassmann’s “Hairy Brushes” there was a long pause in research on realistic brush
models. During this pause, non-photorealistic rendering research encompassed other
problems, the most germane of which was simulated ink diffusion. Thirteen years after
“Hairy Brushes,” Jintae Lee of the University of Aizu, Japan, connected the new research

in ink diffusion with a Strassmann architecture painting system.

The brush model Lee proposed was the first evolutionary step away from Strass-
mann’s inherently two dimensional model towards a dynamics three dimension model of
a soft brush. The argument behind a 3D brush model is threefold: (1) it provides the
artist with visual feedback that is similar to the artist’s real workspace, (2) it is possible
to capture the unique characteristics of brush painting with a model that closely mim-
ics the physical behavior of a soft brush, and (3) it provides a more flexible framework
for creating different types of brushes by changing physical parameters such a bristle
stiffness, length, and absorption.

The model that Lee proposed in 1999 uses a sparse array of bristles (about 10),
represented as polylines, attached to a cylindrical brush handle. Each joint in a polyline
bristle represents a hinge. The hinges are incorporated into a spring-mass physics model
that is solved using numerical integration in real time as the brush is moved by user input
with a mouse. The number of bristles is limited because the time consuming numerical

integration prevents the use of a more realistic number of bristles.

The limited number of bristles introduces a difficulty in mapping the output of the



brush model to a stroke. To overcome the sparse bristle issue strokes are defined using one
of two available modes: outline definition and bristle foot printing. The outline definition
mode is very similar to Strassmann’s stroke area definition model. The last bristles in
contact with the paper on each side of the array are used to generate a bounding area
on the paper as the brush moves over time. The interior of the stroke is then rendered
using a sophisticated algorithm for modeling ink diffusion. In the bristle foot printing
mode, the area of the paper directly contacted by each bristle is used to decide where to
place ink. Since the bristles are sparsely distributed this mode is not used for painting

in general, but rather only for achieving specialized unrealistic affects.

Lee chose not to address the sparse bristle problem because his main interest lay
in applying the substantial body of ink diffusion research to his improved brush model.
Building upon the fiber mesh ink diffusion model proposed in 1991 by Guo and Kunii,
Lee developed a complete and realistic ink diffusion simulator that allows for the flexible
specification of different paper types and ink properties. The idea behind the fiber mesh
model is to divide the paper into paper units called papels. A random mesh of fibers
is composited on top of the papel units to define the underlying fiber structure of the
paper. The fibers, represented as splines, provide pathways for ink particles to diffuse
from one papel to its neighboring papels. The computation can be viewed as evolving a
2D cellular automaton over time — the diffusion dynamics provide the update rules and
the state of each cell is a tuple defining its current ink properties and it connectivity via
fiber pathways to its neighboring cells. In order to incorporate this diffusion model into
the painting system, Lee considered that diffusion occurs outward from the boundary
edges of a stroke.

Using this diffusion model, Lee was able to produce highly realistic images of ink
spots. When combined with his brush model, however, strokes look overly regular and
lack many of of the stylistic effects seen in brush painting, such as white paper exposed

in the body of a stroke. The resultant painting system produced acceptable results for



simulating sumi-e painting, but was not versatile enough for simulating the more diverse
strokes found in Chinese brush painting. A typical Chinese brush painting contains
hundreds or thousands of strokes in a variety of styles which simply cannot be captured
by Lee’s system. The failure of Lee’s highly advanced diffusion model combined with a
slightly more advanced brush model to capture the nuances of Chinese brush painting

pushed further research towards developing more realistic brush models.

2.3 The Virtual Chinese Brush (VCB) [CT02]

Lee’s research lead brush painting into the realm of 3D modeling and demonstrated that
a high degree of physical detail needs to be encoded into the brush model in order to
achieve realistic results. Upon this rationale Nelson Chu and Chiew-Lan Tai of Hong
Kong University devised a more physically accurate 3D brush model. Focusing first on
modeling the brush and handling user input, while leaving ink diffusion for later, Chu and
Tai demonstrated that among the three problems in this field, diffusion is actually the
least significant factor in producing realistic results. Diffusion is in fact so insignificant
to brush painting simulation that Chu and Tai were able to produce fantastic results in
spite of implementing a simple, ad hoc diffusion model.

Aside from Chu and Tai’s significant finding regarding ink diffusion, they also thrust
brush modeling to a new level. Inspired by Bill Baxter’s work at UNC on modeling
western style brushes using implicit integration of a spring-mass particle system, Chu and
Tai set out to adapt and extend this approach to model the Chinese brush [BSLMO1].
The key characteristic that Baxter’s brushes lacked and that Chu and Tai endeavored to
integrate into their model was the ability for the brush to spread and split while painting.
Spreading and splitting, they argue, is necessary for producing many of the characteristic
effects that appear in Chinese brush painting.

Chu and Tai’s model represents the brush as a collection of bristle tufts. The number

of tufts is predefined before a stroke is painted and can vary from one to approximately
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five depending on available computing power. The anatomy of a tuft is a skeleton defined
by a polyline spine with lateral segments emanating from the joints. The lateral segments
are held parallel to the paper surface, though each can rotate within its own plane. To

generate the brush body, a polygon mesh is tessellated around the skeleton.

The dynamics that control the deformation of the tufts are both the key to the VCB’s
realistic results and the system’s major drawback. As the system runs in real-time, the
state of a tuft’s skeleton is updated by solving a constrained energy minimization problem
using quadratic sequential programming. The constrained energy minimization problem
is formulated by assigning a bend and twist energy to each node in the system (nodes on
the polylines and lateral segments) as well as specifying that no node may penetrate the
paper and that the lateral nodes are to remain parallel to the paper plane. The intuitive
idea behind this approach is that at each time step the skeleton will want to achieve
its minimum energy state given the satisfaction of its constraints. The dynamics used
by their system produced highly realistic brush deformations. The numeric solution to
their energy minimization problem, however, is very costly. The result of this high cost
is a low limit on the number of tufts that their system can model while still operating
in real time. In practice they found on commodity hardware they could use up to five
tufts at a time. This inherently limits the resolution of detail that their brush model can
achieve. In order to provide a partial solution to this problem they apply an alpha map
to each tuft that attempts to make its tip look more like a collection of hairs. The alpha
map, in theory could dynamically evolve over time, however in their system it is static.
The system produces a rendered stroke by clipping all of the constituent tuft’s polygon
meshes against the paper plane and rendering the result taking into account the alpha
map. The alpha composition produces the illusion of limited diffusion without explicitly

developing a diffusion model.

Another major contribution of Chu and Tai’s system is the creation of a novel input

device. They fitted a real brush handle with a gyroscope and an ultrasound buzzer. By



using three ultrasound receivers placed on a computer monitor they can calculate the 3D
position of the brush, while the gyroscope provides tilt information. This system allows
a painter to use his or her tool to more naturally move the virtual brush. They also
enabled their system to use a regular mouse or a graphics tablet that reports tilt and

pressure information to the system.

Within a narrow range of painting styles Chu and Tai’s system produces excellent
results. The narrow range of painting styles is dictated by the fact that the brush can
only break up into small number of tufts and that number has to be chosen before a stroke
is painted. Most of the strokes generated by Chu and Tai’s system look like wet brush
strokes of varying opacity. Highly texture strokes achieved by dry brushes that fragment
into hundreds of bristle bundles cannot be achieved. The novel input device, while a
great advancement has the problem of depriving the real brush of its characteristic light
and spontaneous feel. The gyroscope is heavy and its need to be physically wired to the

computer is cumbersome.

2.4 A Solid Modeling Approach [XTLP, XLTPO03]

Chu and Tai’s virtual Chinese brush was a monumental improvement over Lee’s brush
model, however its stylistic limits left a clear path for improvement. In order to make a
brush model that is expressive enough to capture a wide range of painting styles Lau, et
al of The University of Hong Kong devised a new brush model based on solid modeling
principles and an intuitive geometric deformation system rather than a computationally
expensive physics based approach.

The motivating idea behind switching from a more accurate physical simulation to
an approximate geometric simulation lies in the conjecture that shifting computational
resources from modeling deformation to modeling the brush in greater detail is ultimately
a beneficial trade-off. Lau’s first approach, published in mid 2002, created an expansive

framework for brush painting including a sophisticated brush model, an ink diffusion
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model, and an automated machine learning system for tuning brush model configuration
parameters to better mimic sample strokes. Although performance issues are not men-
tioned in Lau’s 2002 paper, a followup publication in late 2003 presents a modified brush

model that addresses performance problems.

Lau’s original brush is modeled as a solid NURBS object generated by using a
circle at the base of the brush, an ellipse in the middle of the brush, and a line at the
end of the brush as profiles for the general solid modeling sweeping operation. These
geometric primitives are connected along a spline called the control axis. In response to
pressure and internal stress a single NURBS solid, referred to as a writing primitive in
Lau’s nomenclature, can subdivide into two NURBS objects. The new writing primitives
share the same control circle (fixed at the base of the brush handle), but have their
own control ellipses and control lines and can thus move independently. The writing
primitives deform based on rules that adjust the position and shape of the control axis,
control ellipse, and control line (the control circle is always fixed to the brush handle).
By using a computationally inexpensive dynamics system the brush should ideally be
able to split into hundreds of writing primitives.

Similar to the virtual Chinese brush, the total brush foot print in Lau’s model is
the sum of all of the writing primitives clipped against the paper plane. Interestingly, in
Lau’s paper there is no mention of a strict constraint for keeping the writing primitives
from penetrating below the paper plane. After clipping, ink is distributed into each of
the writing primitives’ foot print using either a radial or vector gradient based on ink
values specified on the control points of the writing primitives control axis.

Lau’s 2003 paper presents a modified model in which a collection of approximately
ten archetypal writing primitives are used to model the brush in a hierarchical fashion.
The brush starts as a whole and splits in response to pressure, just like in the original
model. However, instead of forming independent writing primitives the brush divides

into classes of writing primitives, each defined by one of the archetypes. Deformation



effects are calculated explicitly for each of the archetypal writing primitives in use and
then this deformation, possibly altered, is applied as an affine transformation to the
entire class of writing primitives. This hierarchical approach allows the brush to split
into thousands of writing primitives before the system can no longer perform in real
time. Another performance alteration put forth in this paper is the use of a precomputed
database of deformation hints. This allows the on-line deformation calculations to be
relatively simple while relying on the offline information to correct oversimplifications

and deformation errors.

For input Lau designed the system to work with wheel mice and graphics tablets.
Using a wheel mouse the movement controls positioning on the paper plane while the
wheel controls vertical height. A combination of key bindings are used to control the
other degrees of freedom. With a graphics tablet input is more natural because tilt and
height can be control by moving the digital pen rather than scrolling a wheel and pressing
keys.

Lau’s systems achieves amazingly realistic results. He juxtaposes examples of real
strokes next to simulated imitations — the differences can only be seen with careful exam-
ination. The system, however, is not a perfect solution to problem of simulating Chinese
brush painting. One limitation of the system is the inability for writing primitives to
merge back together once they split, instead the brush must be completely reset with a
dip action. The system also requires careful tuning to achieve its highly realistic results.
This tuning is aided with a machine learning system that automates much of the process,
but it nevertheless inserts another step before painting can begin (unless the defaults are

acceptable).
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3 The Parametric Hairy Brush Design

The goal of the Parametric Hairy Brush (PHB) design is to continue the development of
brush painting systems in order to address existing limitations, produce realistic results,
and do so in a manner that mimics the non-digital painting process. Due to the impli-
cations of Chu and Tai’s research, PHB research is focused on the brush model, rather
than ink diffusion. This section provides a detailed specification for the PHB model. Its
design is influenced by Lau’s work but uses a novel parameterized geometric approach
to efficiently represent the smallest units of the brush. The result is much less complex

geometrically and is also computationally more efficient.

3.1 Introduction to the PHB Model

The PHB is built in a two level hierarchy composed of a control volume and its children,
the bristle bundles. A bristle bundle is the smallest unit of representation in the model.
Depending on the resolution of the rendering, a bristle bundle can be thought of as
an individual bristle or a closely packed neighborhood of bristles. For instance, when
rendering on a 512 pixel square paper a brush with 350 bristle bundles is used.
Internally a bristle bundle is a Bézier curve with control points that are parame-
terized on the control volume. The control volume provides a high level, approximate
description of how the bristle bundles move collectively. During simulation the control
volume is deformed, thus moving the control points of each bristle bundle. This pro-
vides a “best guess” of how the individual bristles will move. At the second level of the
hierarchy, deformation is accomplished by adjusting the bristle bundle’s control point
parameters according to a set of rules. These adjustments model the small scale changes
that take place between bristles inside of the brush, such as bristles clumping or spreading

out evenly.
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3.2 The Control Volume

Anatomy of the Control Volume
Control Circles —J— \
CC, and CC, >

Bristle Bundles BB
(with tangents)

Control Curve

CA > Control Volume

Control Ellipse
CE "

Control Line

CL C % > J

Figure 1: PHB rendered with sparse bristles to reveal its anatomy

The control volume is heavily influenced by Lau’s solid model. It is composed of
a control curve CA defining the central axis of the volume, two control circles CC; and
CCs, a control ellipse CE, and a control line CL. The control circles are used for defining
the first two control points of each bristle bundle and the control ellipse and control line
are used for defining the latter two control points of each bristle bundle (Figure 1).

The control curve (Figure 2) is a Bézier curve, with control points CA;, CA,, CA3
and CAy, originating from the center of the bottom of the brush handle. The first two
control points are fixed relative to each other and lie on an imaginary line protruding
from the bottom of the brush handle. The other two control points are initially very
close together and lie on a line parallel to the paper plane. During deformation the
magnitude of the vector (m, between the second pair of control points is expanded
or contracted as necessary in order to maintain a control curve with an approximately

constant arc length.

CC; is fixed at the bottom of the brush handle and never moves from this position.
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Brush Handle Brush Handle
CA, CA,

CA CA,

CA,
X s 6\ CAq cA,

Brush Tip Brush Tip

Initial State After Deformation

Figure 2: The control curve CA with control points and tangent vectors

CCy is centered on (and perpendicular to) the control curve at a fixed location é of the
arc length along the control curve. A control circle is mathematically represented as a

series of matrix operations (in homogeneous coordinates) on a parameterized circle:

M (o, Y0, 20, 7,0, ¢, CCp, CC,.) = T (z0, yo, 20) Ry (0) Ry (¢)Circle(r, CC,, CC,)

10 0 = cos(d) 0O sin(d) 0f |1 0 0 0| [CC,rcos(CC,)
01 0 0 1 0 0| |0 cos(¢p) —sin(¢) O 0
0 0 1 z| [—sin(@) 0 cos(f) 0| |0 sin(¢p) cos(¢) 0] |CC,rsin(CC,)

000 1 0 0O o0 I1I{(0 O 0 1 1

Performing the multiplications above yields the following parameterization (in 3D coor-

dinates) of the interior and boundary points of a control circle for a fixed r, z¢, yo, 2o,

¢, and 6:

x xo + CC,r(cos(f) cos(CC,) + cos(¢) sin(f) sin(CC,))
CC(CC,, CCy) = |y| = Yo + CC,.(—7sin(¢) sin(CC,))
z zp + CC,r(sin(f) cos(CC,) + cos(¢) cos(f) sin(CC,))
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CC, is in the interval [0,27) and parameterizes the perimeter of the circle, CC, is in
the interval [0, 1] and parameterizes the circle’s radius, and r is the radius of the control
circle. The angle ¢ is rotation around the X-axis and 6 is rotation around the Y-axis.
In this coordinate system the paper is on the X Z-plane and up vector points along the
Y-axis. For CCy, 6 and ¢ are adjusted to match the tilt of the brush and for CCy 0
and ¢ are chosen to make CCy perpendicular to CA. All points inside of a control circle
correspond to a unique pair (CC,, CC,).

The control ellipse CE is centered on the control curve % of the arc length along the
control curve. Similar to the control circles, the interior points of the control ellipse are
parameterized in two variables CE, and CE, using the following equation (derived in the

same way as above):

M(x(b Yo, 20, A, b7 97 ¢7 Ccpa CCT) = T(x07 Yo, ZO)Ry(Q)Rﬂc<¢)EHlpse(aa ba Ccpa CC’F)

x zo + CE, (a cos(#) cos(CE,) + bcos(¢) sin(#) sin(CE,))
CE(CE,,CE,) = |y| = Yo + CE,(—bsin(¢) sin(CE,))
z 29 + CE,(—asin(0) cos(CE,) + bcos(¢) cos(f) sin(CE,))

CE, is in the interval [0, 27) and parameterizes the perimeter of the ellipse, CE, is in the
interval [0, 1] and parameterizes the proportional distance to the center of the ellipse, a
is the length of the major axis, b is the length of the minor axis, 6 is rotation about the
Y-axis, and ¢ is rotation about CE’s major-axis. Values for 6§ and ¢ are chosen to match
the orientation vector of the control line (described below) and make CE’s major-axis
perpendicular to CA. All points inside of the control ellipse correspond to a unique pair
(CE,, CE,).

The control line CL is centered at the end point of the control curve and is always

parallel to the paper plane. It is parameterized in one variable CL;, which interpolates
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between two points Py and Pj, using the following equation:

x (1 — CLy) Py, + CL Py,
CL(CL) = |y| = |(1 = CLy) Ry, + CL, Py,
z (1 —-CL;)Fp. + CL P,
where
CAy — Vag CAy + Vil
Py = CA4y—Vy§ and P = CA4y+V;/§
CAs = Vo3 CAy. + V2L

Or in vector notation:

CL(CL) = (1 — CL;)(CA4 — V%) + CL)(CA, + Vé)
CL; is in the interval [0, 1] and parameterizes the length of the line, Py and P, are the
end points of the control line, V is the vector pointing in the direction of the line, and L
is the length of the line. All points on the control line correspond to a unique parameter
CL;.

The control volume can be thought of intuitively as the hull defined by sweeping

along the control curve through the sweeping profiles defined by the previous control

geometries.

3.3 Bristle Bundles

A bristle bundle is a Bézier curve with control points BBy, BBy, BB3, and BB,4. For a
given bristle bundle, BB; and BB are each assigned a pair of parameters specifying their
location in the interior of CC; and CCs,. These parameters are constant and can thought
of as defining the fixed root of a brush hair. BBj3 is assigned a pair of parameters speci-

fying an interior point of the control ellipse and, similarly, BB, is assigned a parameter
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specifying a point on the control line. A bristle bundle is defined as:

BB = (BB;, BB,, BB;, BB,)

= (CCi(BBi ¢, BBig, ), CCa(BBae, BBac, ) CE(BBscp , BBscp, ), CL(CLigR, )

Geometrically, this defines a curve starting at the base of the brush handle, passing
through a point in the control ellipse, and ending on the control line. As the control
volume changes BB, BBy, BB3, and BB, are updated by evaluating their corresponding

parameters in the appropriate equation.

3.4 The Simulation Loop

The simulation loop executes as follows: (1) Sample the input device (A mouse, tablet,
etc.), (2) Calculate the new virtual brush position and velocity, (3) Apply control volume

deformations, (4) Adjust bristle bundle parameters, (5) Render and (6) Repeat.

Input device sampling requires acquiring a new set of coordinates from the input
device. Depending on available information, the new coordinates may express three to
five degrees of freedoms (ignoring the 6 DOF: twists around the Y-axis). The minimum
required is a new X, Y, Z coordinate set specifying the center of CC;. After acquiring
the new input coordinates, they are feed into an inertial predictor. The inertial predictor
is implemented as described in Lau’s 2002 paper [XTLP]. It calculates a new position for
the virtual brush based on a weighted average of the brush’s previous four positions and
the brush’s current velocity. After the brush’s new position and velocity are calculated,
these values are used to deform the control volume and the bristle bundle parameters as
described in the next section. The scene is rendered and then the simulation repeats.
In order to provide interactive real time painting, the simulation loop must repeat at a

regular interval that is frequent enough to smoothly respond to user input.
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3.5 Deforming the Control Volume

In order to minimize the computational cost of deforming the control volume, a simple
geometric approximation is used instead of a costly physical simulator. The cost of this
deformation must be minimal in order to save computational resources for other aspects

of the simulation such as bristle bundle deformation and ink diffusion.

The geometric approximation is based on the intuition that when a brush is pressed
against a piece of paper and then displaced by a vector D the section of the brush
attached to the handle will move the full distance, but the tip will move only a fraction
of that distance (Figure 3). The fraction of the distance is proportional to the pressure
exerted on the paper by the brush. Pressure is approximated by assuming that it is
proportional to the product of the brush’s velocity, elasticity, curvature, and the paper’s
roughness. Using this simple principle it is possible to model the dynamics of the brush

with surprising grace.

-

Greater displacement
at the handle’'s _gfe
base ... D

Calculating Pressure:
Pressure is in the interval
[0, 1] and approximated
from several physical
characteristics such as the
speed, direction, elasticity

..thn <A™ —-

and curvature of the brush as
well as the roughness of the at the brush's tip -
paper. based on the current pressure
N J

Figure 3: The base and tip may move at different rates

Deformation of the control volume begins by displacing CA’s control points. The

control points representing where the brush is fixed to the handle, CA; and CA,, are
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translated by the full displacement vector D. Before the other two control points, repre-
senting the brush tip, are translated several physical quantities at the current time step
t are approximated: brush curvature, speed, and direction — and using these: pressure.
Pressure is measured as a relative quantity in the interval [0, 1]. In order to achieve this,

all physical approximations are normalized in some fashion to the interval [0, 1].

The curvature (k;) is calculated as the difference between the CA’s arc length (o)
and the length of the chord drawn between CA; and CA4 normalized with respect to the

arc length:
Oy — ‘CA4 — CA1|

ay

Ry =

Curvature has the desired properties of being minimal, x;, = 0, when the chord length
is maximal: |[CAy; — CA;| = a;. When the chord length is minimal, |[CA, — CA;| = 0,
then the curvature is maximal, k; = 1. It is important to note that x; is never allowed
to reach zero because it would “crowd out” the other physical parameters and freeze the
brush in its current configuration. This is enforced by keeping the length of the vector
from CA4 to CAj non-zero and keeping it parallel to the paper plane.

Instead of using the absolute speed of the current displacement vector D,, speed

(0¢) is calculated relative to the speed at the previous time step:

1

O =
1
L+ o

Relative Speed, o4, has the property of being sensitive to small changes, but plateauing
towards 1 when speed changes are great. This is a highly desirably property because o,
is responsive to subtle changes in brush, but provides numeric stability during sudden,
extreme changes.

The direction of motion (d;) is calculated based on the observation that pushing a

brush towards its tip should increase pressure more than dragging the brush away from
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its tip. This is realized with the formula:

5 — angle(u,v)  arccos(u - v)
. m B m

Where u is a the unit vector from CA4 to CA3 and v is the unit vector in the direction
of D;. When u and v are aligned (the brush is moving away from the tip) d; is 0. As the
angle between u and v increased d; grows toward 1.

The physical quantities x;, oy, and J; are combined with paper roughness p and
brush elasticity € to calculate the pressure ;. The square root is taken as a correction

factor based on empirical experimentation with the model.

wt:\/KtXUtX(StXGXp

Using 1, the control point CA, is translated by D; — D, x ¢y and CAj is placed on a
vector starting at CA4 and pointing in the direction of motion averaged over the last 4
time steps. The exact placement of CA3 along this vector is not very important since it
will be changed when the arc length of CA is constrained.

We can verify that this matches our intuition of how the brush should move by
examining how CAy is moved for various values of k;, o;, and ;. For instance, if the
brush is fully extended, i.e. it has a low curvature, then x; approaches 0 and the tip of the
brush moves by nearly the full displacement D;. In this situation, if CA4 does not move
by nearly the full displacement, the result will be an unrealistic stretching of the brush
tip. In another situation (Figure 4) imagine that the is brush has very low curvature
and is pushed in the direction of its tip. This movement will maximize J; and cause CAy4
to move less than the full distance D;. Over a few time steps the curvature will build
causing ¢, to increase until CA does not move at all. When CA, is momentarily stuck

e
in place the brush “folds” over itself and the vector CA4CAj3 flips direction.

After deforming CA, the direction of motion and pressure are used to deform CE and
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Initial State Curvature Increases Brush Folds Over Brush Tip Flips

Figure 4: Complex brush dynamics — the tip “folds over” itself.

CL. At each time step CL’s orientation and length are adjusted. Orientation is adjusted
so that as the brush twists CL is roughly perpendicular to the direction of motion, but
then as motion in that direction continues CL aligns itself with that direction. The effect
of this strategy — when holding all other pressure parameters constant — is a brush foot
print that initially thickens and then tapers off as the brush continues to move in the

same direction. The update rule for V', CL’s orientation vector, at time ¢ is:

)) - s

dv
‘/2—1 ° w

Let dv=D;,— D; x; and Vt,:<P1—|—dv><(1—

Then set V, = | Yy
Vel
V /
v/

Py and P; are the end points of CL from the previous time step. The length of CL
is chosen between the predefined minimum and maximum lengths L,,,, and L,,;, as
Ly = Lyin + (Lyaz — Liin) X ¥;. CE’s orientation 6 is then chosen to match CL’s
orientation. CE’s tilt ¢ is chosen as the slope at CE’s point of attachment to CA.

In brief, the algorithm for updating the control volume is:

1. Use the inertial predictor to determine a displacement vector D;
2. Translate CA; and CAs by D: to the new position of the brush

3. If CA,4 does not penetrate the paper:
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4. Translate CA3 and CA4 by D;

5. Else:
6. Calculate the current pressure v
7. Translate CA4 by D¢ — D¢ X Yt
8. Place CAj3 the average velocity vector starting at CA4
9. If CA3 or CA, are still below the paper:
10. Constrain them to be on the paper plane
11. End If
12. Adjust the magnitude of the vector between CA,4 and CAj3 in order maintain CA’s arc length
13. Rotate CL
14. Extend or contract CL
15. Rotate 6 and ¢ of CE
16. Extend or contract CE’s major and minor axes
17. End If

18. Using the new control curve position, update CC;, CCy, CE, and CL

3.6 Adjusting Bristle Bundle Parameter

The second level of the PHB hierarchy allows for deformation of individual bristle bundles.
A bristle bundle is deformed by changing any of the parameters that define how it relates
to the control volume. Since the bristles are glued into the brush handle the parameters
that define the first two control points never change. The parameters that define how a
bristle passes through the control ellipse can be altered, but this is not needed in order
to produce a nice tip splitting effect. The only parameter left to adjust is the control line
parameter. Figure 5 illustrates how adjusting only the bristle bundle parameters along

CL can completely split the brush tip.

The parameters along the control line should change in one of two orthogonal ways.
When the brush is moving in the direction of the CL’s orientation vector then the pa-

rameters should cluster toward the end of CL opposite to the direction of motion, but
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when the brush is moving perpendicular to CL’s orientation vector then the parameters
should spread back out throughout the brush.

The ability to control the relative position of each bristle bundle by manipulating
only one number is one of the PHB’s great strengths. This flexible and simple framework
for deforming bristle bundles provides a great workbench for experimentation. Future

research should focus on developing more realistic strategies for manipulating the bristle

bundles.

Figure 5: CL; is either 0 or 1 for all bristle bundles creating a split tip.

4 Significant PHB Design Decisions

The goal motivating the PHB design is the simulation of individual hairs in real time. In
order to accomplish this, computational resources have to be carefully divided amongst
the functions that comprise the simulation. Before Lau’s work brush models generally
used expensive numerical approximations of physical phenomenon in order to simulate
the overall deformation of the brush body — such as numerical integration of differential
equations or constrained energy minimization. These technique produce accurate soft
body deformation dynamics, but at a computational cost that prohibits the detailed

simulation of other aspects of the model. The PHB, like Lau’s model, uses an intuitive
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geometric approximation for the deformation of the brush in order to save computational
resources for simulating other aspects of the brush, such as individual bristle movements

and ink diffusion.

4.1 Hierarchical Deformation

The hierarchical construction of PHB is based on the observation that the individual
movement of bristles within the brush is closely correlated to the overall movement of
the brush. In particular, the correlation is strongest where the bristles are fixed at
the base of the brush and weakens monotonically as you move toward the brush’s tip.
This correlation implies that the deformation of the control volume will model the exact
behavior of the bristle bundles at the base of the handle, but only approximate the
behavior of the bristle bundles as you move away from the handle. Additionally, the

error in the approximation grows monotonically as you approach the tip.

The deformation of the control volume acts as a mapping from the previous set
of bristle positions to a good estimate of the set of bristle positions at the next time
step. After applying this mapping, the bristle positions can be tweaked by making small
changes to the bristle parameters. The parameterization of the bristles is invariant under
transformations to the control volume. Neighboring bristles are guaranteed to still be
neighbors after a transformation. Thus it is possible to intelligently adjust these param-
eters without evaluating and analyzing the Bézier curves of each bristle after deforming
the control volume. Although the model allows for adjusting the parameters at any of
the control geometries, the parameters only need to be tweaked at the tip of the brush
and possibly at the control ellipse. Since the tip of the brush is only parameterized by
one variable it is computationally inexpensive to make intelligent changes to the parame-
ters. The computational complexity of adjusting the parameters for the ellipse is higher,
due to an additional parameterization dimension. Empirical results indicate that making

adjustments at the control ellipse is unnecessary (as seen in Figure 5).
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4.2 Strict vs. Loose Constraints

It is tempting to apply strict, physically accurate constraints to the brush model. Such as
absolutely preventing the brush from penetrating the paper, guaranteeing that bristles do
not intersect, and maintaining constant bristle lengths. However, the computational cost
of strictly enforcing these constraints is not matched by a great gain in realism (or even
a small gain). The approach taken here is to enforce constraints as much as needed, but
no more. The constraints implemented in PHB are: the control curve may not penetrate
the paper and each bristle’s arc length is maintained within 95% to 105% of its original
length.

The first constraint is easily enforced due to the choice of using Bézier curves. Since
a Bézier curve is bounded by the convex hull defined by its control points, keeping these
control points on or above the paper satisfies this constraint. This, however, does not
imply that each bristle will be entirely above the paper. In the case that the control ellipse
intersects the paper it is possible for a bristle to partially intersect the paper. However,
due to the placement of the ellipse on the control curve, it tends to stay mostly above
the paper. The small amount of bristle-paper intersection was empirically determined to
be acceptable.

Maintaining each bristle’s arc length is crucial to the realism of the brush model. A
high degree of accuracy, however, is not critical. Empirical tests show that as long as the
each bristle is forced to within 5% of its original length the model produces essentially
the same results. This is an important finding because it is relatively easy to enforce this

loose constraint, but very difficult to enforce a strictly constant arc length.

4.3 Bézier Curves

While the convex hull property of Bézier curves was a primary consideration when decid-

ing on a curve type, it was not the deciding factor. Several types of curves exhibit this
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property, however, the simplicity of Bézier curves makes the convex hull easy to define
and change. In addition to the convex hull property, Bézier curves are attractive because
fast and easy to implement algorithms exist for evaluating them. This is critical due to

the vast number of Bézier curves used in the PHB model.

5 Significant PHB Model Implementation Details

5.1 Implementation Platform

The PHB was implemented on Linux in C using GNOME, GTK+ and OpenGL to provide
user interface and graphics rendering functionality. Extensive use was made of GLib’s
convenience data structures and callback scheduling functionality. All of these libraries
are cross platform compatible allowing PHB to be compiled for other target operating

systems such as Windows and OS X.

5.2 Geometric Algorithms

GNU gprof was used to collect profiling information about the runtime characteristics
of PHB. As expected these data show that the majority of function calls are related
to manipulating Bézier curves. Thus an efficient implementation of Bézier curves is
crucial to performance. OpenGL provides the ability to create and render Bézier curves
natively. Once an OpenGL Bézier curve is created it can only be manipulated with
OpenGL’s built-in transformation functions. This does not provide enough flexibility for
PHB since hundreds of Bézier curves need to be frequently adjusted by defining new
control point positions. The overhead and complexity of using OpenGL’s model view

matrix operations to accomplish these transformations prohibited this approach.

To meet the needs of PHB a custom Bézier curve library was implemented. Each

curve has an internally stored algebraic definition as well as a polyline geometric ap-
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proximation. After the algebraic form is defined the Bézier curve object waits in the
unprepared state until an evaluation is requested. The curve is evaluated using forward
differencing over a globally defined number (8) of equally spaced points on the interval
[0,1] [Hof95]. The results of an evaluation are cached in the object and its state is set
to prepared. Caching is very important since the curve will need to be evaluated again
without being changed in order to render it as a polyline. Additionally, at the next time
step the Bézier curve might not be altered, allowing the cache to be used once more.
If the Bézier curve is transformed, then its state needs to be set to unprepared to force
cache regeneration.

Efficient evaluation of Bézier curves is also crucial due to the loose constraint of
keeping each curve’s arc length within +5% of its original length. This is accomplished
by approximating arc length as the cumulative length of the component segments in the
curve’s polyline approximation. If the curve is too long, then the vector from BB, to
BBs3, in the case of a bristle bundle, is iteratively contracted until a maximum iteration
count (40) is reached or the desired arc length is achieved. The case when a curve is too
short is handled with a similar extension of the vector. Empirical results show that under
most conditions this approach terminates after fewer than 10 iterations. In some cases
it reaches the max iteration count on the first attempt to resize, but is then restored to

an appropriate length during the next time step.

A sample of some profiling data used in tuning these functions:

%  cumulative  self self total
time seconds seconds calls ms/call ms/call name
48.03 14.14 14.14 20915424 0.00 0.00 bezier_evaluate
29.11 22.71 8.57 1822720 0.00 0.01 bezier_arc_length
9.61 25.54 2.83 16404983 0.00 0.00 distance_squared
5.77 27.24 1.70 2323936 0.00 0.00 bezier_prepare_evaluation
2.24 27.90 0.66 500500 0.00 0.01 bristle_render
1.26 28.27 0.37 250403 0.00 0.10 bezier_match_length
1.22 28.63 0.36 750904 0.00 0.00 bezier_reset_evaluation
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0.00 29.44 0.00 715 0.00 35.30 brush_update_current_position

The function brush_update_current_position executes on average at 35.30 ms/call. This

yields a frame rate of nearly 30 frames per second.

5.3 Rendering Algorithms

Most of the rendering is accomplished in straightforward OpenGL. The one exception is
the generation of the painting itself. The painting is modeled as a dynamically chang-
ing texture mapped to the paper object. The texture is generated using the following

algorithm:

1. Initialize a white filled texture and map it to the paper object
Loop:

2. Update the brush position and simulate deformations

3. Switch to an orthographic projection looking down on the paper object

4. Set the near and far clipping planes to just above and significantly below the paper and turn off
depth testing

5. Render the brush first followed by the paper

6. Copy a small region around the brush from the frame-buffer to the corresponding region of the
paper texture used at the last time step

7. Reset to the previous perspective view, enable depth testing, and repeat the loop

The output of this algorithm is the cumulative sequential rendering of the brush’s foot-
print over time. The clipping plane is extended below the paper so that bristles pene-
trating the paper surface can still contribute to the brush’s footprint. Turning off depth
testing and rendering the brush first assures us that the bristle segments below the paper
will be visible.

Since this is a pixel precision algorithm, it is possible to use various OpenGL effects
when rendering the bristles. This provides a fast and easy method for implementing
simple diffusion models. Although the focus of this research is entirely on a brush model,

alpha blending is used to provide a simplistic impression of diffusion and ink depletion.
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The disadvantage of using a pixel precision algorithm is that the width of each bristle
is at least one pixel. This implies that only a limited number of bristles can be added
to a brush before the effect of additional bristles is no longer visible. For this reason
bristle bundles can be thought of as individual bristles at high resolution or as clusters
of bristles at lower resolutions. Empirically tests led to a choice of 350 bristle bundles
when the paper is a 512 pixel square texture map. Making the rendering algorithm object
precision would eliminate this problem at the cost of extra computation and programming

complexity.

5.4 Real Time Programming

The entire program executes in a real time loop using a GLib timer callback function.
This callback executes as frequently as possible and starts the brush_update_current_position

function seen in the profiling data above. The real time loop executes the following steps:

1. Sample the input device for new brush coordinates

2. Use the inertial predictor to generate a displacement vector
3. Move the brush and apply deformations as needed

4. Update the paper texture

5. Update the perspective view of the scene

6. Repeat

5.5 Input Devices

The current system can be used with either a mouse or a graphics tablet such as the
Wacom Intuos 2. When using a mouse the cursor provides the horizontal coordinates
and the scroll wheel provides the vertical displacement. If a scroll wheel is not available
then the ‘j7 and ‘k’ keys move the brush down and up. The graphics tablet provides
much more natural support for controlling the brush. A tablet such as the Intuos 2
relays pressure and tilt information. Pressure is mapped to brush height and the tilt

data is used to control the 3D orientation of the brush handle.
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While nice strokes can still be simulated using only a mouse, if the system is to
be used for its true purpose, painting, then a natural brush like input device is crucial.
Giovanni Motta ! proposed using two inexpensive USB cameras to track LEDs embedded
in an actual brush. This method could provide the ultimate experience in simulated
painting by allowing the digital artist to use the real tool. Other attempts at making
natural brush input devices, such as the input device used in VCB, are suboptimal
because they obscure the feel of a real brush by attaching wires as well as heavy and

bulky objects to the brush.

6 Conclusion

A brush model alone cannot mimic real brush painting. In order to develop a system
that achieves that level of realism the brush model must be coupled to a realistic ink
diffusion and a natural user input system. The metric for judging the success of a new
brush model — on its own — is therefore unavoidably complex. The simple comparison
of simulated paintings to real paintings cannot be used as the only measure. Instead
properties of the brush model, such as performance, complexity, ease of experimentation,

and versatility of painting style must be analyzed.

6.1 Aesthetic Results

Figure 6 demonstrates the quality of the results produced by the PHB. Simulated strokes
are interlaced with photographs of real strokes in order to provide a basis for judging. To
remove bias introduced by the background the simulated strokes were composited onto a
texture map created by photographing rice paper. The PHB produces stylistically richer
results than the VCB. This can be seen in (A) and (G) where the brush exposes the

white paper underneath to produce a stroke with varied width and texture. The results

'In personal communications.
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Figure 6: Real vs. simulated strokes: (A), (C), (E) and (G) are simulated. (B), (D), (F)
and (H) are real.

published with the VCB do not indicate that it can produce strokes exhibiting these
stylistic effects.

In comparison to Lau’s painting system, the PHB produces nearly comparable re-
sults in terms of stylistic flexibility, but the output does not mimic reality as closely. It
is worth noting that the actual rendering of the brush tip (Figure 3) produced by PHB
is more realistic than the brush tip rendered by Lau’s system, which often looks oddly
chaotic. This reflection of reality gives the digital artist a stronger intuition about how
the brush will behave since he or she can draw from experience with real brushes. Since
Lau’s system employs a complex machine learning subsystem for better simulating train-
ing samples as well as a complete ink diffusion model it is impossible to know whether the
differences are inherent in the brush models or the result of the more complete painting

system.

The aesthetic results of the PHB are in league with Lau’s painting system and the
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VCB. Therefore the brush models employed in these systems provide a good basis for

ranking the model properties of the PHB.

‘B Eurclid The Painter
Eile Edit Input Mode Help

D H X

Input Mode: Zoom (right click) and Rotate (left click)

Figure 7: A very long brush stroke exhibiting various stylistic effects.

6.2 Complexity

The PHB excels in the simplicity of its design. It is geometrically and algorithmically
less complex than Lau’s model. The additional geometric complexity of Lau’s model is
incurred in the use of a hierarchy of NURBS objects based on primitives similar to those
used in the PHB’s control volume. The PHB uses a collection of Bézier curves which
are orders of magnitudes less complex than NURBS solids. The original algorithm for

deforming Lau’s brush, used in his 2002 paper, and the PHB brush are similar in origin.
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They are both based on approximating various physical parameters in order to move
the tip of the brush at a different rate than the base of the brush. Lau’s 2003 system
simplifies the base algorithm further and introduces a database of common errors and
their corresponding resolutions in order to supplement the base deformation algorithm.
Lau implemented the errors and corrections database to reduce the computational com-
plexity of the deformation algorithm — which is already fairly low. This suggests that the
addition of the database fits with the theme of the 2003 paper: optimizing performance

at the cost of implementation and design complexity.

6.3 Flexibility

Lau’s system has a tremendous amount of flexibility in terms of configuration parameters
that can be tweaked by hand or by the machine learning subsystem. This form of flex-
ibility, however, is counter productive to mimicking the traditional method of painting.
Ideally configuration should be accomplished in entirety when the brush is dipped or
reloaded with ink. The PHB does not yet support a sophisticated system for dipping the
brush, but when it does it will be in better shape for matching the natural process of
painting precisely because the system does not have any configuration parameters that
need to be set before painting commences. This is possible because the PHB model
encodes the real physical structure of a brush in a very natural and easily manipulated
framework making it possible to simulate the detailed movements of bristles within the

brush.
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