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This work is about a new method for generating diffusion curve style images.
Although this topic is dealing with ngghotorealistic rendering, as you will

see our underlying solution is based on tdiensional ray tracing on the
GPU, and it is analogous to computing final gathering in global illumination
problems.
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Introduction

= Diffusion Curves [OBW*08]

* A vector representation that allows for easy creation of
smooth-shaded images.

Diffusion

Diffusion curves is a vecttwased image representation that can be used to
easily create smootishaded images. Here, each curve is defined with

generally different colors on each side; given a set of such curves, an image
can be computed by simulating the diffusion of the curve colors into the
interior of the image. Due to the diffusion process, the regions between

curves are typically very smooth; and the curves themselves serve as diffusion
boundaries which can be used to define edges, highlights, or other image
features.
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Introduction

* The standard way to compute a diffusion curves image
is by solving a Poisson equation.
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= Recent work on diffusion curves
» Fast Poisson solver [JCW09a]
» Define surface details [JCWO09b]
* Expressive control via diffusion constraints [BEDT10]
* Texture draping [WOBTO09]
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Thestandard way to compute a solution image is by solving a Poisson
equation, more specifically a Laplace equation, which simulates the diffusion
process. The way this works is that it solves for an image f wieyglacians

zero everywhere except on the curve boundaries, whereltiyglacians equal

to the divergence of the color gradient. Because diffusion curves provide an
easy way to generate and manipulate smooth images, it has inspired many
recent work which try to improve its speed and functionality.
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Disadvantages of a Poisson-based Approach

1. Requires curve rasterization
2. Requires computing a global solution
* Not friendly to local/view-dependent computation needs
3. Lack of seamless integration with classic vector and
raster graphics tools
* Examples: gradient fills, texture fills

* Fundamentally due to a different representation (i.e.
requires a gradient vector field).
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However, the underlying solution in these works is still based on solving the
Poisson equation, and this type of approach has several limitations. First, it
requires rasterizing the curves into pixels that will be used as the source of
diffusion. But curveasterizationis prone to aliasing artifacts. Second, the
Poisson solver requires computing a global solution, which means all image
pixels have to be solved at once. This is not friendly to local or view
dependent computation needs. Finally, the Poisbaised approach also lacks
seamless integration with classic vector and raster graphics tools, such as
gradient fills and texture fills. These are the tools that artists are already
familiar with. But in order to use them in a diffusion curves framework, they
would either have to be redefined or created on a different layer and
composited afterwards. And this issue is because diffusion curves require a
gradient vector field, which is fundamentally different from how the other
tools are represented.
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Our Contributions

= A new, raytracing based solution to diffusion curves
with the following advantages:
* Requires no curve rasterization.
* Can be computed independently for any pixel.

« Seamless integration of diffusion curves with classic
vector and raster graphics tools, such as gradient fills and
textures fills.
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Our main contribution is eaytracingbased approacthat is aimed to address

the above limitations. First, it is based on ray tracing analytic curves and hence
it does not require curveasterization Second, it can be computed
AYRSLISYyRSyidte F2N Iye aSiG 2F LIMESta:x
dependent computation needs. And finally, it seamlessly integrate diffusion
curves with classic vector and raster graphics tools through the usieaclers

which | will describe shortly. This makes it easy to create different image

effects all in a single layer using familiar operations.
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Example of Texture and Gradient Fills

Standard Diffusion Curves Our Method

Thisexample demonstrates the effect of textures and gradient fills. In the left
image, curves are defined only with colors, and this is what standard diffusion
curves would output. The right image is our results that contains more
interesting details, such as the textures on the owl, and the radial gradient fills
on the glow of the moon and also the sky background.



Demo

This video showthe sketching session that created the owl imagke video

has been sped up so you can see the entire process. The user starts by
drawing the curves and assigning colors as in standard diffusion curves; then
textures are attached to the curves to define the rendering details; and finally
radial gradient fills are added to simulate the glow of the moon as well as on
the background sky.

4:30 here
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Related Work

= Mean-Value Coordinates [Flo03, JSWO05]
* Coordinates Image Cloning [FHL*09]
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So what inspired this work is théea that the solution to the Laplace

equation can be converted into a much simpler and direct form. This idea was
first introduced in a paper blyarbmaret al. in the context of image cloning.
They made a clever observation that the solution to the Laplace equation can
be approximated by an interpolation from the boundary values using the
meanvalue coordinates, and this is a much more direct way to compute the
result than solving a differential equation.
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Related Work

= Mean-Value Coordinates [Flo03, JSWO05]
* Coordinates Image Cloning [FHL*09]

= We apply this idea to diffusion curves:

This methodcan be extended to diffusion curves and is the key of our work.
And here is an intuitive explanation: to compute the color of this pixel >>>> in
the resulting image, instead of solving a Poisson equation, we can directly
interpolate it from the colors of nearbynoccludedcurves.
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Related Work

= Mean-Value Coordinates [Flo03, JSWO05]
* Coordinates Image Cloning [FHL*09]

* Diffusion Surfaces [TSNI10]
» Compute interpolated colors by using rasterization.
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In fact, this idea has been applied in the contekdiffusion surfaces, which is
an extension of diffusion curves to smooth shaded 3D textures. The biggest
difference in their approach with ours is that they uasterizationinstead of
raytracingto solve the problem. Specifically, they project these colored
surfaces to aasterizationbuffer at each shading pixel, from which they can
then compute the interpolated color.
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Related Work

= Mean-Value Coordinates [Flo03, JSWO05]
* Coordinates Image Cloning [FHL*09]
« Diffusion Surfaces [TSNI10]
« Compute interpolated colors by using rasterization.

* Advantages of our method over rasterization:
« Performance benefits of raytracing.
« Allows for arbitrary curve attributes including transparency.

* Easy to achieve anti-aliasing by spatial stochastic sampling.
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using ray tracing provides several clear benefits. The first is the performance,

which sounds a bit countek y (i dzA G A @S & . dzi g KI Q& KI LIIS
number of curve segments is much larger than the resolution of the
rasterizationbuffer, and therefore this is a case whesg/tracingwill win in

terms of speed. The second benefit is that usagracingallows for arbitrary

curve attributes such as transparency, which will be much more difficult to

achieve withrasterization And finallyraytracingmakes it easy to achieve

image antialiasing by using spatial stochastic sampling, while using
rasterizationcannot get this benefit.
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Outline

* Raytracing Formulation
* Definition of Shaders
Curve Attributes
Implementation Details
Results
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7:30here
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Algorithm Overview

= Raytracing Formation

2n

Ip) = A L(xi(p.0)) w(xi(p.6))d6

p: shading pixel

X! visible curve point
in direction 0

L: curve color

w: normalized weight
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set of such curves, we define the color of a shading pixel p as the directional

integral over the visible curves. Specifically, imagine we shoot a ray >>>> from

LJ G261 NRa (GKS RANBOGUAZY GKSOIFX FyR GKA
then obtain the color of xi along the curve, and multiply it with a normalized

weight to define the contribution of this ray. Finally, >>>>> we integrate the
contributions of all rays from 0 to 2pi, and the result gives the color of p. As

you can see, this definition is very much like treating the curves as light

sources that emit radiance, and the integration is performed in the same

fashion as final gathering, which can be evaluated using stochastic ray tracing.
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Algorithm Overview

= Raytracing Formation

2n
I(p) = : L(x;(p,6)) w(x;(p,0))dd
p: shading pixel
) X visible curve point
Occlusion . . ,
in direction 0
L: curve color
w: normalized weight
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Since we use ray tracing, the computation naturally accofamtecclusion.
This way, the influence of a curve will not cross the boundary of other curves,
which is what weéhave wanted
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Algorithm Overview

= Raytracing Formation

2

Ip)= : L(xi(p.8)) w(xi(p.6))d®

* The weighting function w defines how the curve color
influences its nearby space.

* In a special case, I(p) can be analytically computed
using mean-value coordinates [Flo03, JSW05]

* In the general case, it must be numerically computed.

The weighting functiomv defines how the curve wilhfluence its nearby
space. It typicallyras to do with the distance between the intersection point
and the shading pixel, but can include other factors as well. In a very special
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case, the integral can actually be analytically computed using malae

interpolation. The special case has to satisfy three conditions: first, the
weighting function is inversely proportional to distance; second, occlusion
between curves must be ignored; third, colors are linearly interpolated along
the curve. In the general case, however, the integral has no analytic solution

and must be numerically computed.
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Algorithm Overview

= Raytracing Formation

2

I(p) = : L(x;(p.0)) w(xi(p,8))d6

= Shaders

* We can now extend the curve color L to a more general
concept called curve Shaders.

e Color shader
 Gradient fill shader
e Texture shader
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Given the basicaytracingformulation, we can now extend the color L to a
more general concept callexhaders| will describe three types shaders
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Shaders

= Color Shader
* Colors are defined at the curve vertices.

* The intersection point’s color is linearly interpolated from
the two nearby vertices.

/’0
@
L(x;)
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The first is a coloshader which isequivalent to standard diffusion curves.
Here a color is defined at each vertex, and when a ray hits the curve, the color
of the hit point is linearly interpolated from the two nearby vertices.
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Shaders

= Gradient Fill Shader
* Examples: linear, radial, and angular fills.

* The user specifies two control points with colors, and the
type of fill operations.

yontrol points

P
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The secondhaderis thegradient fillshader Examplesnclude linear, radial, or
angular fills. To define suchshader the user specifies two control points,
each with a different color, and also specifies the type of gradient fill
operation.
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Shaders

= Gradient Fill Shader

* The intersection point’s color is calculated based on the
location of the pixel p relative to the two control points.
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When a ray hits the curve, the color of the intersection point is calculated
based on the location of the pixel p relative to the two control points. Notice
that this isdifferent from the previoushaderin that the color is not defined

along the curve, rather, it decidedby the two control points. As a result,

>>>> any ray starting from the same pixel and hitting the same curve will
return the same color. However, the curve >>>>> does serve as a boundary to
confine the influence of the gradient fill to only one side of the curve.
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Shaders

= Gradient Fill Shader

* Examples:

Linear gradient Radial gradient

» Other gradient fill operators can be easily included as well,
including procedurally defined ones.
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Here are two examples of the gradient §llader They aralefined by the

same two control points but one is a linear gradient fill and the other is a
radial gradient fill. Other gradient fill operators can be included as well, such
asproceduallydefined operators.
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Shaders

= Texture Shader
» Allows a texture image to be attached to a curve.
* The user specifies two anchor points of the texture.

Anchor points
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The thirdshaderis the textureshader It is defined in a similar way with
gradient fillshader Specifically, the user provides two anchor points that
define the texture region.
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Shaders

= Texture Shader

L(x;)

P

* The intersection point’s color is computed by a texture
lookup using p’s coordinates relative to the anchor points.

Anchor points

22

When a ray hitshe curve, the color of the intersection point is returned by a

f221dz2lJ Ay GKS GSEGdzZNB dza Ay 3

This will give a shading result like this >>>>
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Shaders

= Texture Shader
* Example:
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Here is another examplélere, each side of the curve is attached with a
different textureshader
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Shaders

An image created with all three shaders

Anti-aliasing
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Now, the power of our approach is that it allows all thtgpes ofshaderso

appear in a single layer and intersect with each other through the weighted
I LJA shilerdFgrl 3 S
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instance, the glow in the pipe is defined with a radial gradiergtigider the

LIALISQ& 062Re A a shadeand Bdhigdlights Kre defhedi dzNB

with colorshaders

Antialiasing??
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Curve Attributes

= Raytracing Formation

2

Ip)= : L(x;(p.0)) w(xi(p.0))d6

= The weighting function is the multiplication of the following
two weights:
* Relative curve weight
* Distance-based weight
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Now let me describe the weighting function w, which can be used to
customize the influence of each curve. The weighting function is currently
defined as the product of two weights.
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Curve Attributes

= Relative Curve Weight 1

We = we =0 Barrier curve
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The first is a relative curve weight, controlsthe influence of a curve relative

to other curves. By default, every curve is given a weight of 1, so that they all

count equally. By changing the weight of a curve to zero, we are essentially

ignoring this curve and its nearby region is completely determined by other
OdzNISad ¢KAa Aa SldAagltSyd G2 6KIGQa |
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Curve Attributes

= Relative Curve Weight
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This video clip shows adjusting the weight of the golderve from 1 to 0 and
then back.
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Curve Attributes

= Distance-based Weight 1

wa(x;,p) = |5 —p|F

(a) p=0 (b)y p=1/2 ©p=1 d)p=2
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The second component of the weighting function is a distarased weight,
which is defined as the negativetip power of the distance between an
intersection point with the shading pixel. This basically controls how quickly
the influence of a curve will fall off over distance. So if p is a small value, the
influence of a curve can go very far; and if p is large, we can see that the
influence of a curve will be increasingly more concentrated around itself.
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Curve Attributes

= Curve Transparency (.
Ir)=(1—a¢) - I(x;) 4+ ac- I(r)

Transparency * 0
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The last attribute that will introduce is the curve transparency alpha. This is
olFlaArAortte | O2yOSLIi G(GKFdQa 02NNRSSR TN
allows the influence of a curve to penetrate through other curves. This effect

can be achieved by simply allowing the ray to continue >>>>> traveling after

the first intersection point, and the final color of the ray is calculated by an

alpha blending of all the successive intersection points.
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Curve Transparency

= Curve Transparency Examples
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Here is an example that shows the effettransparency. Initially the curve

transparency is disabled. By turning it on and giving all curves a transparency
value of 0.5, we can see that the colors are significantly diffused, giving a

sense of translucency effect.
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Curve Transparency

= Simulate colored shadows and color bleedings effects.

/ Edit curve color
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In practicewe can use transparency to some extent to simulate colored
shadows and color bleeding effects in an image. For example, this image
contains a shadowed region and a back wall, and we have assigned the curves
defining these two regions a nonzero transparency value. Now, when the user
edits the color of the floor from green towards >>>> yellow, the colors inside
the shadow curve and the back wall will change accordingly, which simulate
color shadows and color bleeding effects. This provides a convenient way to
modify the image, without having to edit multiple curves.
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Implementation Details

* |Implemented on the GPU using CUDA and Thrust.
= All curves are defined as cubic Bézier curves.
= Allimages are rendered at 512x512 resolution.

resolution by default.
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Now let me briefly go through implementation details. The entire algorithm is
implemented on the GPU using CUDA and Thrust library. All curves are
defiendas cubidBeizercurves, and images are rendered at 512x512




The algorithm mainly contains 4 steps. The first step is to subdivides

into a set of line segments using a standard subdivision algorithm. This is
mainly for the simplicity of tracing line segments. Alternatively we can also
trace cubic curves directly and avoid subdividing the curves. Assume there are
N line segments, the second step is to build a uniform grid of 4 times N
resolution; then step 3 is to classify line segments to the grid, and finally, we
use the uniform grid to accelerate ray tracing. Specifically, for each pixel we
trace 128 rays where the directions are randomly sampled with stratification,
and the origins are assigned using a 2x2 jittered pattern to provide spatial
antialiasing.

In our experiments, the number of line segments N is typically between 300
to 1000.



