
Announcements
•Project 1

• You will be asked to vote (5% of grade)!

•Homework 1

• Homework 1 due in class on Tuesday.

• Continuity question is very hard.

• Sufficient to answer it for a finite 
number of points

• Questions about homework?
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Better Color Models?

Scanned
Paint

8 Samples
IMPaSTo

3 Samples
RGB w/ K-M

3 Samples
RGB Linear

101 Samples
Riemann Sum

Figure 10: The left column shows graded mixtures of Yellow Ochre
and Prussian Blue under a 5600K light. The right four columns
show computer simulations of the mixtures using different numbers
of sample wavelengths and differing techniques. As can be seen,
linear RGB blending wrongly predicts brown. Although our im-
plementation of K-M blending does not match the scanned colors
exactly, the important feature to note is that the result of using our
8-sample Gaussian quadrature is almost identical to that using 101
samples. Thus, given more accurate reflectance data as initial in-
put, we should be able to match the real samples very closely. See
Fig. 16(b) for a color version of this figure.

vious layers using

Rtot = R +
T 2Rprev

1!RRprev
. (10)

These three stages use the eight wavelengths chosen via Gaussian
quadrature, and are iterated over once for each layer of pigment. In
our implementation, only the wet paint is represented as pigments
in the runtime data, requiring these multi-pass iterations. As paint
dries, its reflectance is calculated and added into the base canvas.
To change the light spectrum when dry layers are present, we do
as many passes as are necessary in order to “bake” the dry paints
into the base canvas’ reflectance, and then need only perform these
calculations once for the wet paints. Stage 4 uses our weights de-
rived via Gaussian quadrature and the XYZ integrating functions
in order to transform these 8 wavelength values into RGB space
for display. Since the K-M calculations only give us the diffuse
reflectance, we complete the lighting computation with per-pixel
dot-product bump-mapping and Blinn-Phong specular highlights.

5.6 Color Comparison

Figure 10 shows the results of our rendering algorithm and com-
parisons of the blending results for our method and a number of
alternatives. Note that we achieve nearly the same results with
our 8-wavelength Gaussian quadrature as are obtained using all 101
wavelength samples, at greatly reduced runtime computational cost.
Also note that the results when using fewer samples, as previous re-
searchers have, are noticeably different.

Figure 11: A painting created with IMPaSTo, after a painting by
Vincent Van Gogh.

6 Results

We have tested our viscous paint model implementation on a
2.5GHz Pentium IV machine with an NVIDIA GeForceFX 5900
Ultra graphics card. Note that the CPU speed is not critical for in-
teractive response, and IMPaSTo has also been used successfully
on CPUs of less than 1GHz. The time required to draw a stroke
is almost completely dominated by the physical paint model, since
the cost of the optical model is greatly reduced by our tiling and
lazy evaluation. For a brush footprint of approximately 26"26,
our paint simulation pipeline shown in Fig. 5 is able to run about
116 times per second, processing an average of 77,000 canvas cells
per second (i.e. texels/sec). For a larger brush footprint of about
88"88, we can run the pipeline only 68 times per second, but texel
throughput increases to 519,810 canvas cells per second. At these
speeds we are able to keep up with the user for strokes of moderate
speed. For faster strokes the input data is buffered and the stroke
lags slightly behind the user. The improved texel throughput for
bigger brushes is a strong indication that much of our time is spent
in per-pass setup overhead and GPU context switches.

We have integrated our paint model with a prototype painting sys-
tem to simulate an oil-like painting medium. We provide the user
with a large canvas, then run the fragment programs only in the
bounding rectangle of the region of brush contact. For the render-
ing we mark the canvas tiles through which a stroke passes as dirty
and recompute reflectances and relight the canvas on a tile-by-tile
basis as needed each time through the main display loop.

Fig. 17 shows examples of various styles, effects and paint textures
that our paint model is capable of creating. These and other paint-
ings shown in Fig. 18 demonstrate the range of paint-like effects
our model achieves. Most of these paintings were created by ama-
teur artists within a couple of hours, without much training or elab-
orate instruction. The footage in the supplementary video demon-
strates the interactive performance and behavior of our model. The
video is available at http://gamma.cs.unc.edu/IMPaSTo.

7 Summary and Conclusion

In this paper, we presented an interactive paint model for the oil-
or acrylic-like paints used most commonly in fine art painting. The
main characteristics of our paint model include:

source:
IMPaSTo: a realistic, interactive model for paint
William Baxter, Jeremy Wendt, Ming C. Lin
NPAR 2004, June 2004, pp. 45-56.
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Diffuse reflectors

Diffuse reflection occurs from dull, matte surfaces, like latex paint, or chalk.
These diffuse or Lambertian reflectors reradiate light equally in all directions.
Picture a rough surface with lots of tiny microfacets.
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Diffuse reflectors

…or picture a surface with little pigment particles embedded beneath the surface 
(neglect reflection at the surface for the moment):

The microfacets and pigments distribute light rays in all directions.
Embedded pigments are responsible for the coloration of diffusely reflected light in 
plastics and paints.
Note: the figures above are intuitive, but not strictly (physically) correct.
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Diffuse reflectors, cont.

The reflected intensity from a diffuse surface does not depend on the direction of the 
viewer.  The incoming light, though, does depend on the direction of the light source:
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Wavelength dependence

Really, ke, ka, and La are functions over all wavelengths λ.

Ideally, we would do the calculation on these functions.  For the ambient shading 
equation, we would start with:

then we would find good RGB values to represent the spectrum I(λ).

Traditionally, though, ka and Ia are represented as RGB triples, and the computation is 
performed on each color channel separately:
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Specular reflection

Specular reflection accounts for the highlight that you see on some objects.
It is particularly important for smooth, shiny surfaces, such as:
 metal
 polished stone
 plastics
 apples
 skin

Properties:
 Specular reflection depends on the viewing direction V.  
 For non-metals, the color is determined solely by the color of the light.
 For metals, the color may be altered (e.g., brass)
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Choosing the parameters

Experiment with different parameter settings.  To get you started, here are a few 
suggestions:

 Try ns in the range [0,100]

 Try ka + kd + ks < 1

 Use a small ka (~0.1)

ns kd ks

Metal large Small, color of metal Large, color of metal

Plastic medium Medium, color of 
plastic Medium, white

Planet 0 varying 0
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Types of Light Sources
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Lights

OpenGL supports three different kinds of lights:  ambient, directional, and point.  Spot 
lights are also supported as a special form of point light.
We’ve seen ambient light sources, which are not really geometric.
Directional light sources have a single direction and intensity associated with them.

[Note: Lights not discussed in Shirley.]
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Point lights

The direction of a point light sources is determined by the vector from the light 
position to the surface point.

Physics tells us the intensity must drop off inversely with the square of the distance:

Sometimes, this distance-squared dropoff is considered too “harsh.”  A common 
alternative is:

with user-supplied constants for a, b, and c.
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Spotlights

OpenGL also allows one to apply a directional attenuation of a point light source, giving a 
spotlight effect.

The spotlight intensity factor is computed in OpenGL as:

where
 L is the direction to the point light.
 S is the center direction of the spotlight.
 β is the cutoff angle for the spotlight
 e is the angular falloff coefficient
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“Iteration four”

Since light is additive, we can handle multiple lights by taking the sum over every light.
Our equation is now:

This is the Phong illumination model.
Which quantities are spatial vectors?  

Which are RGB triples?

Which are scalars?
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More Light Sources
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BRDF

The Phong illumination model is really a function that maps light from incoming (light) 
directions ωin to outgoing (viewing) directions ωout:

This function is called the Bi-directional Reflectance Distribution Function (BRDF).

Here’s a plot with ωin held constant:

BRDF’s can be quite sophisticated…
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BRDF

The Phong illumination model is really a function that maps light from incoming (light) 
directions ωin to outgoing (viewing) directions ωout:

This function is called the Bi-directional Reflectance Distribution Function (BRDF).

Here’s a plot with ωin held constant:

BRDF’s can be quite sophisticated…



Lo(!o) =
!

!
Li(!i)f(!i,!o)d!

!

!
f(!i,!o)d! ! 1

BRDFs (Continued)

55

BRDF Model:

Constraint:
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More sophisticated BRDF’s

Westin, Arvo, Torrance 1992

Cook and 
Torrance, 1982



Question

• How could we define a BRDF for brushed 
metal?
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BRDF

What assumptions does the BRDF model make?



BSSRDF
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To appear in the SIGGRAPH conference proceedings

A Practical Model for Subsurface Light Transport

Henrik Wann Jensen Stephen R. Marschner Marc Levoy Pat Hanrahan

Stanford University

Abstract

This paper introduces a simple model for subsurface light transport
in translucent materials. The model enables efficient simulation of
effects that BRDF models cannot capture, such as color bleeding
within materials and diffusion of light across shadow boundaries.
The technique is efficient even for anisotropic, highly scattering
media that are expensive to simulate using existing methods. The
model combines an exact solution for single scattering with a dipole
point source diffusion approximation for multiple scattering. We
also have designed a new, rapid image-based measurement tech-
nique for determining the optical properties of translucent materi-
als. We validate the model by comparing predicted and measured
values and show how the technique can be used to recover the opti-
cal properties of a variety of materials, including milk, marble, and
skin. Finally, we describe sampling techniques that allow the model
to be used within a conventional ray tracer.

Keywords: Subsurface scattering, BSSRDF, reflection models,
light transport, diffusion theory, realistic image synthesis

1 Introduction

Accurately modeling the scattering of light by materials is funda-
mental for realistic image synthesis. Even the most sophisticated
light transport algorithms fail to produce convincing results if the
local scattering models are too simple. Therefore a great deal of
research has gone into describing the scattering of light from mate-
rials.

Previous research has focused on developing models for the
bidirectional reflectance distribution function (BRDF). The BRDF
was introduced by Nicodemus [14] as a simplification of the
more general bidirectional surface scattering distribution function
(BSSRDF). The BSSRDF can describe light transport between any
two rays that hit a surface, whereas the BRDF assumes that light en-
tering a material leaves the material at the same position (Figure 1).
This approximation is valid for metals, but it fails for translucent
materials, which exhibit significant transport below the surface.
Even for many materials that do not seem very translucent, using
the BRDF creates a hard, distinctly computer-generated appearance
because it does not locally blend surface features such as color and
geometry. Only methods that consider subsurface scattering can
capture the true appearance of translucent materials, such as mar-
ble, cloth, paper, skin, milk, cheese, bread, meat, fruits, plants, fish,
ocean water, snow, etc.

1.1 Previous Work

Almost all BRDF models are derived exclusively from surface scat-
tering, with any subsurface scattering approximated by a Lam-
bertian component. An exception is the model by Hanrahan and
Krueger [10] which includes an analytic expression for single scat-
tering in a homogeneous, uniformly lit slab. However, all BRDF
models ultimately assume that light scatters at one surface point and
they do not model subsurface transport from one point to another.

Subsurface transport can be simulated accurately but slowly by
solving the full radiative transfer equation [1]. Only a few papers in
graphics have taken this approach to subsurface scattering. Dorsey
et al. [5] simulated full subsurface scattering using photon mapping
to capture the appearance of weathering in stone. Pharr and Han-
rahan [15] used scattering functions to simulate subsurface scat-
tering. These approaches, while capable of simulating all of the
effects of subsurface scattering, are computationally very expen-
sive compared to the simulation of opaque materials. Techniques
based on path sampling are particularly inefficient for highly scat-
tering materials, such as milk and skin, in which light scatters mul-
tiple (often several hundred) times before exiting the material. For
highly scattering media Stam [17] introduced the use of diffusion
theory. He solved a diffusion equation approximation using a multi-
grid method, and used this method to render clouds with multiple
scattering.

Subsurface scattering is also important in medical physics, where
models have been developed to describe the scattering of laser light
in human tissue [6, 8]. In that context, diffusion theory is often used
to predict as well as to measure the optical properties of highly scat-
tering materials. We have extended this theory for use in computer
graphics by adding exact single scattering, support for arbitrary ge-
ometry, and a practical sampling technique for rendering.

In measurements of appearance for computer graphics, subsur-
face scattering has rarely been considered. Debevec et al. [3] mea-
sured light reflection from human faces, which included contribu-
tions from subsurface scattering, but they did not relate the data to
the physical properties of the material. Again building on medical
physics research [8, 9], we have extended a methodology developed
for measuring biological tissues into a rapid image-based appear-
ance measurement technique for translucent materials. This method
examines the radial reflectance profile resulting from a beam illu-
minating the sample material. By fitting an expression derived from
diffusion theory it is possible to estimate the absorption and scatter-
ing properties of the material.

2 Theory

The BSSRDF, S, relates the outgoing radiance, Lo(xo, !"o) at the
point xo in direction !"o, to the incident flux, !i(xi, !"i) at the point
xi from direction !"i [14]:

dLo(xo, !"o) = S(xi, !"i; xo, !"o) d!i(xi, !"i).

The BRDF is an approximation of the BSSRDF for which it
is assumed that light enters and leaves at the same point (i.e.,
xo = xi). Given a BSSRDF, the outgoing radiance is computed

BRDF is an approximation that assumes xi = xo.
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GLfloat white8[] = {.8, .8, .8, 1.}, white2 = {.2,.2,.2,1.},black={0.,0.,0.}; 

GLfloat mat_shininess[] = {50.};            /* Phong exponent */

glMaterialfv(GL_FRONT_AND_BACK, GL_AMBIENT, black);

glMaterialfv(GL_FRONT_AND_BACK, GL_DIFFUSE, white8);

glMaterialfv(GL_FRONT_AND_BACK, GL_SPECULAR, white2);

glMaterialfv(GL_FRONT_AND_BACK, GL_SHININESS, mat_shininess);
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GLfloat white[] = {1., 1., 1., 1.};

GLfloat light0_position[] = {1., 1., 5., 0.}; /* directional light (w=0) */

glLightfv(GL_LIGHT0, GL_POSITION, light0_position);

glLightfv(GL_LIGHT0, GL_DIFFUSE, white);

glLightfv(GL_LIGHT0, GL_SPECULAR, white);

glEnable(GL_LIGHT0);

glEnable(GL_NORMALIZE);     /* normalize normal vectors */

glLightModeli(GL_LIGHT_MODEL_TWO_SIDE, GL_TRUE);    /* two-sided lighting*/

glEnable(GL_LIGHTING);
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How does the z-buffer work?
How can we use the z-buffer to compute shadows?



Light Sources

• What is a good model for the sun?

• What is a good model for the lights in this 
room?



Hard Shadows



Soft Shadows

• Why? How?
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