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An Efficient Caching Technique for

Rendering Translucent Materials

Student : Shih-Ling Keng Advisor : Dr. Jung-Hong Chuang

Department of Computer Science and Information Engineering
National Chiao Tung University

ABSTRACT

This thesis presents an efficient rendering technique for translucent materials
using caches. The proposed caching scheme, inspired by the irradiance caching
method, is integrated into a ‘hierarchical rendering technique for translucent
materials. We propose a split-disk model‘to determine the cache distribution and
derive the subsurface illuminance gradient used for interpolation by reformulating
the equation of dipole diffusion approximation as a 3D convolution process. Our
experiments show that only a few caches are required to interpolate the entire
image, while the visual difference is negligible. The speedup could be achieved

up to one order of magnitude.
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Chapter 1

Introduction

Accurately modeling the behavior of light to produce realistic images is a great
challenge in computer graphics. Over the years, many illumination models have been
developed for realistic image synthesis, trying to describe the scattering of light from
materials. Most of them focus on developing models for the bidirectional reflectance
distribution function (BRDF) [Jensen 2001], which assumes that light enters and
leaves a material at the same point on the surface. In some cases like metals, this
assumption is valid, and results:in convincing visual appearances. But when
accounting for translucent materials; which exhibit significant light transport below
the surface, BRDF is not enough. Light hitting a translucent material does not just
bounce from surfaces. Instead, light beams penetrate below the surface, scatter inside
the material, and leave the object at a different point on the surface. This phenomenon
is known as subsurface scattering.

Subsurface scattering diffuses the incident light, blurs the effects of small
geometric details on the surface, and softens the overall looks. In addition, scattered
light may pass through an object, which lights up thin geometric details when the
objects are illuminated from behind. These effects create a distinct look that cannot be
achieved with simple BRDF model. It is therefore necessary to go back to the more
general models with bidirectional surface scattering reflectance distribution function
(BSSRDF) [Jensen 2001] to simulate subsurface scattering. While BRDF models are
just approximations of BSSRDF models, the BSSRDF can describe light transport

between any two points on the surface. This requires treating the material as a



participating medium with a boundary surface. It therefore needs huge amount of time

to simulate all the effects of subsurface scattering.

1.1 Literature Review

Traditionally, subsurface scattering has been approximated as Lambertian diffuse
reflection that make final images look hard and distinctly computer-generated. In
computer graphics, the first model dealing with subsurface scattering was proposed by
Hanrahan and Krueger [Hanrahan and Krueger 1993]. They proposed an analytic
expression for single scattering in a homogeneous, uniformly lit slab and also a
method for simulating subsurface scattering by tracing photons through the material.
But in the end they used a BRDF to represent the final model.

Dorsey et al. [Dorsey et al. 1999] later used photon mapping to simulate full
subsurface scattering for the rendering of weathered stones. Pharr and Hanrahan
[ Pharr and Hanrahan 2000] proposed the idea.of non-linear scattering equations and
demonstrated how the scattering equations could be used to simulate subsurface
scattering more efficiently than traditional Monte Carlo ray tracing. Though these
approaches could fully simulate the subsurface scattering, they suffered from very
costly computational efferts because they are both based on path sampling techniques.
They are particularly inefficient for highly scattering materials, in which light could
scatter several hundred times before exiting the materials.

For highly scattering material, Stam [Stam 1995] first introduced the diffusion
theory to computer graphics. The diffusion theory could model multiple scattering as
a diffusion process which works particularly well in highly scattering materials. Stam
also proposed a multi-grid method to solve a diffusion equation approximation, and
used this approach to render clouds with multiple scattering. However, while the
multi-grid method is suitable for rendering clouds, it is still too costly to render
common translucent materials such as milk and skin.

A major breakthrough was recently proposed by Jensen et al. [Jensen et al. 2001].

They applied the dipole diffusion approximation [Farrell et al. 1992] to simulate the



subsurface scattering in homogenous semi-infinite plane-parallel media, thus greatly
reducing computation time. Jensen et al. [Jensen et al. 2001] achieved more than two
orders of magnitude speedup compared to the approach of using full Monte Carlo
simulation, whereas Jensen and Buhler [Jensen and Buhler 2002] made a quantum
leap further. They decoupled the computation of irradiance at the surface from the
evaluation of scattering inside the material and used a hierarchical integration
technique to evaluate the dipole diffusion approximation. This dramatically reduces
the computation time from several minutes to a few seconds. In addition, they showed
that the contribution from single scattering is almost negligible, and considering only
multiple scattering could produce well enough visual appearances. They also found
that although the dipole diffusion approximation is only valid for planar, infinitely
large and thick media, mis-using it for curved surfaces still yields very plausible
images. The analytical BSSRDF model proposed by Jensen et al. [Jensen et al. 2001]
has so great impact that it is adopted by the following researches on the rendering of
translucent materials.

Another acceleration scheme for Jensen's BSSRDF model was proposed by
Lensch et al [Lensch et al. 2002}, They used aimixture of radiosity-like finite element
computations and texture filtering to evaluate the BSSRDF integral. Although this
method can render objects interactively with moving light sources at several frames
per second, it requires significant precomputation for a texture atlas, form factors, and
filter kernels.

The concept of radiosity-like finite element computation was then further
improved by Mertens et al. [Mertens et al. 2003]. They used a hierarchical boundary
element method inspired by the hierarchical radiosity with clustering to solve the
integral describing the subsurface scattering based on Jensen’s analytical BSSRDF
model. Instead of using Jensen’s hierarchical point sampling approach, they derived a
semi-analytical integration method that allows for computing necessary point-to-patch
form-factor efficiently and accurately. They showed that high-quality renderings of
deformable translucent objects consisting of tens of thousands of polygons can be
obtained from scratch in fractions of a second.

More recently, Hao et al. [Hao et al. 2003] proposed a simple lighting model to
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simulate the effects on translucent meshes. Their approximations are based on the
observation that subsurface scattering is relatively local due to its exponential falloff.
They modified the traditional local illumination model into a run-time two-stage
process. The first stage involves the computation of reflection and transmission of
light on surface vertices. The second stage bleeds scattering effects from a vertex’s
neighborhood to generate the final result. They then merged the run-time two-stage
process into a run-time single-stage process using pre-computed integrals. By using
this approach, they achieved interactive frame rates with about one to two orders of
magnitude speedup compared to the previous methods. However, in their method, a
large memory storage is required to record the pre-computed integrals. This problem
was later alleviated by Hao and Varshney [Hao and Varshney 2004]. They compressed
the data by spherical harmonic basis functions and used the “reference points” scheme

to reduce the extra storage from 200 bytes per vertex to 20 bytes per vertex.

1.2 Thesis Overview

1.2.1 Motivation

Although recent researches [Lensch et al. 2002; Carr et al. 2003; Dachsbacher and
Stamminger 2003; Hao et al. 2003; Mertens et al. 2003; Hao and Varshney 2004] have
improved the speed of rendering translucent materials to some extent, none of them
could be easily integrated into existing renderers. They require either complex
rendering algorithms, or some specific data structures (e.g., the pre-computed integral
storage and “reference points” scheme used in [Hao and Varshney 2004]). In other
words, most of them are isolated systems for the pure purpose of experiments. The
algorithms used in these rendering systems are not suitable for movie industry, where
some specific renderers must be used, and objects are often not mesh-based.

In this thesis, we seek a rendering technique suitable for rendering translucent
materials in production, i.e., in the film industry, since it is the major application of

rendering translucent materials. Currently, the analytic BSSRDF for rendering



translucent materials [Jensen et al. 2001] is being used in almost all visual effects for
movies and it indeed offers the visual effects industry a mean to circumvent producing
computer-generated human faces that look plastic and unconvincing on the silver
screen.

To devise an efficient rendering technique for the film industry, we investigate
the effect of subsurface scattering and find that it has distinguishing characteristics
just as the effect of indirect lighting in the global illumination. They both tend to
change slowly and require a lot of sample points to compute. This inspires us to use
the classic irradiance caching technique introduced by Ward et al. [Ward et al. 1988]
as a basis, and to extend it for calculating the subsurface illuminance, which can be
defined as the light flux per unit area arriving at an inner surface point within
materials via subsurface scattering from the nearby surfaces.

Irradiance caching was originally designed for accelerating the computation of
indirect illumination in a Monte Carlo ray tracer' [ Ward et al. 1988]. It is a method for
caching and re-using irradiance valués (via interpolation) on Lambertian surfaces. It
uses a split-sphere model to estimate the amount of change in the irradiance. By using
this error estimate, it can decide ‘whether to.interpolate or to directly compute
irradiance at a location, and calculate the.weights for interpolation. In 1992, Ward and
Heckbert [Ward and Heckbert 1992] further improved the caching technique by
deriving a formulae for the irradiance gradients. They found that the gradient can be
estimated from the rays used to sample the indirect diffuse illumination. By using the
formulae for the irradiance gradient, they achieved a significantly more accurate
image than that in [Ward et al. 1988]. The irradiance caching technique was later
extended to accelerate the computation of ambient occlusion in production
[Christensen 2003]. In this thesis, we show that it is feasible to extend the irradiance

caching technique to accelerate the computation of the subsurface illuminance as well.

1.2.2 Contribution

The contributions we achieve in this thesis can be summarized as:

= We show that the classic irradiance caching originally used in the ray tracing field
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for computing indirect illumination could also be extended to render translucent
materials.

= We conclude that the dipole diffusion approximation is a 3D convolution process.

=  We reformulate the calculation of the gradient of subsurface illuminance using
convolution.

= We propose a split-disk model analogous to Ward’s split-sphere model [ Ward et al.
1988] to determine the spacing of samples.

=  We successfully integrate the irradiance caching technique [Ward et al. 1988] into
the rapid hierarchical rendering technique for translucent materials [Jensen and

Buhler 2002] with up to one order of magnitude speed-up.

1.2.3 Outline

The remainder of the thesis is organized as follows: Chapter 2 gives the fundamentals
of realistic rendering and the essential theery behind rendering of translucent
materials. Chapter 3 presents the caching technique we propose for accelerating the
rendering of translucent materials, which includes some derivations and algorithms.
Chapter 4 gives some experimental results-from our implementation of the proposed
method. Finally, some concluding remarks and future work are presented in Chapter

5.



Chapter 2

Backgrounds

This chapter lays the groundwork for creating plausible images with translucent
materials. It is divided into three parts: the first part gives the foundation of physically
accurate rendering in computer graphics. The second part deals with the essential
theory behind the rendering of translucent materials. Finally, the third part introduces
the dipole diffusion approximation— the practical equation, on which recent relevant

researches are based to render translucent materials.

2.1 Fundamentals of Realistic Image Synthesis

In this section, we firstly introduce radiometry, the basic terminology used to describe
light. Next, we briefly discuss the interaction of light and surface, and then introduce
the most important component in realistic image synthesis, rendering equation. Finally,
we present how to display the high-dynamic-range images realistically on

low-dynamic-range devices, i.e., the so called tone-reproduction operator.

2.1.1 Radiometry

There are several models developed since middle of 1600 attempting to explain the
behavior of light, such as ray optics (also known as geometrical optics, which is the
most commonly used model in computer graphics), wave optics, electromagnetic

optics, and photon optics [Jensen 2001]. The basic terminology used among them is
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radiometry, a measurement of optical radiation, which is electromagnetic radiation
within the frequency range between 3*10'" and 3*10'® Hz. This range corresponds to
wavelength between 0.01 and 1000 micrometers (um), and includes the regions
commonly called the ultraviolet, the visible, and the infrared.

Before we introduce the quantities and units used in radiometry, we explain two

basic terms: projected area and solid angle.

Projected area is defined as the orthogonal projection of a surface of any shape onto
a plane normal to the unit vector. The differential form is dA,; = cos()dA, where 3
is the angle between the local surface normal and the line of sight. We can integrate

dA,oj over the visible surface area to get

A, = .[cos,BdA.
A

Here we list some common examples of projected area assuming that there are no

obstacles in the line of sight (Table 2.1).

Shape Area (visible parts) Projected area

Flat rectangle A = Length-Width A, = Length-Width -cos 8
Circular disc A=m’ A, =m’cosf

Sphere A=2m" 4,., = wr’

Table 2.1 Some examples of projected area

Solid angle is an extension of plan angle from two dimensions to three dimensions.
Recall the definition of a plane angle [Palmer 2003] is “One radian is the plane angle
between two radii of a circle that cuts off on the circumference an arc equal in length
to the radius.” And the definition of a solid angle [Palmer 2003] extends to “One
steradian (sr) is the solid angle that, having its vertex in the center of a sphere, cuts
off an area on the surface of the sphere equal to that of a square with sides of length
equal to the radius of the sphere.” The solid angle of an object is thus the area of the
projection of the object onto a unit sphere. Note that two objects different in shape can

still subtend the same solid angle. We can think of the differential solid angle as



representing both a direction and an infinitesimal area on the unit sphere.

Figure 2.1: Plane angle and solid angle [Palmer 2003]

The most basic quantity in radiometry is the photon. The energy e) of a photon

with a wavelength A is

he
e, 27

b

where h~6.63-107*J -5 is Planck’s constant, and ¢ is the speed of light. ¢; is

measured in joules (J).

Spectral radiant energy 0O, in n; photons with wavelength A is

Q,=ne;, =n, —.

A

Radiant energy Q is the energy computed by integrating the spectral radiant energy

over all possible wavelengths:

0=["0,dx.

Radiant flux or radiant power @ is the time rate of flow of radiant energy:

ey
dt

where ¢ is measured in second. Radiant flux is often just called the flux.



Radiant flux area density M or B or E is defined as the differential flux per

differential area at a surface location x:

do
M(x)=B(x) = —
(x) =B(x) Y
and
dd
E(x)="—,
="

where M is referred to as radiant existence, which is the flux leaving a surface, B is
referred to radiosity, which is exactly the same as radiant existence; and E is referred

to as irradiance, which is the flux arriving at a surface.

Radiant intensity / is defined as the differential flux per differential solid angle dw:
d®

Radiance L is defined as the differential flux per differential projected area per
differential solid angle:

d-D
cos GdAdw

Radiance is a five-dimensional quantity (three for position and two for direction),

Lx,w)=

which is the most important quantity in radiometry, since it could most closely
represent the color of an object. Most light receivers, such as cameras and the human
eye, are sensitive to radiance, while the response curve of these sensors may be

different.

2.1.2  Light Scattering

The interaction of light and material is complicated in real worlds. In this section, we
will introduce two theoretical frameworks used to model the scattering of light by

materials.

The Bidirectional Scattering Reflectance Distribution Function or BSSRDF S is

10



the most general description of light transport, which relates the differential reflected
radiance dL, at x, in direction w, to the differential incident flux d@; at x; from

direction w; [Jensen 2001]:
dL
SCew,x ) = o Wo)
dq)i (xi Wi )
The BSSRDF is eight-dimensional (four for two positions in local two-dimensional
coordinates and four for two directions) and costly to evaluate, so there are only a few

papers in computer graphics that really accounts for BSSRDF.

S,
I\
Y

., -
-~

AN

Figure 2.2: BSSRDF and BRDEF [Jensen et al. 2001]

The Bidirectional Reflectance Distribution Function or BRDF f, is an
approximation of the BSSRDF, which assumes that light enters and leaves the
material at the same point (i.e., x, = x;) [Jensen 2001]. This reduces the BRDF to a
six-dimensional function (two for position in local two-dimensional coordinates, four

for two directions):
dL,(x,w,) dL, (x,w,)
dE. (x,w,) - L (x,w,)(w, -n)dw,

fo(x,w,w,) =

where 7 is the normal at x. BRDF defines the relationship between differential
reflected radiance and differential incident irradiance and is widely used in
photo-realistic rendering. It has some interesting properties:

= The BRDF can take any positive value, and varies with wavelength.

= The BRDF is independent of the direction, in which light flows (based on

Helmbholts’s law of reciprocity):
11



JGew,w,) = £ w,,w;)
This is a fundamental property that is used by most global illumination algorithms,
since that makes it possible to trace light path in both directions.

» The value of the BRDF for some incident direction w, is independent of the
possible presence of irradiance along other incident direction wj, so the BRDF
behaves as a linear function with respect to all incident directions. If we know the
incident radiance from the hemisphere of all incoming directions and their
respective BRDFs, we can compute the reflected radiance L, in any direction by

integrating the incident radiance L;:
L(eow,) = [ S G w, )AEGew,) = [ f, Gewe,w, )L (e w,) 0w, - m)dw, (2.1)

where 7 is the normal at x, and 2 is the hemisphere of incoming directions at x.

= The BRDF must satisfy the following constraint due to energy conservation:

J;) Lo (x,w,w ) (w, - n)dw, ST, Vw,.

2.1.3 The Rendering Equation

The rendering equation is a mathematical formulation of the steady-state equilibrium
distribution of energy in a scene without participating media. It forms the
mathematical basis for producing realistic images. The rendering equation expresses
the outgoing radiance L, as the sum of the emitted radiance L, and the reflected
radiance L,

L (x,w)=L,(x,w,)+L (x,w,).

By using Equation 2.1 to replace the reflected radiance we get:
L,(xw,) = L(x,w,) + | f,Ceowow, )L (xw)(w, -mydw,. (2.2)

This is the basic form of the rendering equation describing all light transport in a
scene without participating media. There are some other forms of the rendering

equation for specific global illumination algorithms.
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2.1.4 Tone-reproduction Operator

Up to now, all we discuss about is computing the correct radiometric values for each
pixel in the final images. These values are measured in radiance that can be computed
at a specific point in space and in a specific direction. However, these physically
based radiance values do not appropriately indicate how the human eye perceives the
environment because the human visual system is very complicated and does not
simply respond linearly to changing levels of illumination.

Tone-reproduction operator, or tone-mapping operator, is therefore presented to
solve this problem by exploiting the limitations of the human visual system to display
a high-dynamic-range picture onto a low-dynamic-range display device. There are
various tone-mapping operators have been presented in literatures. In general, they
function by creating a local scale factor for each pixel in the high-dynamic range
image based on the local adaptationduminance of the pixel and the
high-dynamic-range value of the-pixel. The resulting-value produced by tone-mapping
operators is typically an RGB value in the range from-0 to 1 that can be displayed on

the output device.

2.2 Light Transport Theory

The rendering equation described in section 2.1.3 considers the interaction of light
only at the surfaces of objects within an environment without participating media. It
assumes the light propagates instantaneously through vacuum without any absorption.
However, to render translucent materials, we must take light scattering in participating
media (or inside materials) into account. Light transport theory is what could describe
the propagation of light in materials. It is a heuristic approximation of electromagnetic
scattering theory, but is unable to predict diffraction, interference, or quantum effects
[Hanrahan and Krueger 1993].

In light transport theory, photons traveling in a medium will collide with the

medium, causing them to be absorbed or change directions (scattering). Absorption

13



means the energy carried by photons is converted into other types of energy, for
instance, the energy could be converted from radiation to kinetic energy of particles in
the medium.

The probability that a photon gets absorbed in a medium, per unit of distance
along its direction of propagation, is called the absorption coefficient o,(x) and the
probability that a photon gets scattered in a medium is called the scattering coefficient
os(x). These two coefficients are all measured in 1/m. This means that a photon
traveling a distance Ax in a medium has a chance ¢,Ax and g,Ax of being absorbed
and scattered, respectively.

The change in radiance L in the direction w due to out-scattering could be
modeled as the following equation:

(w-V)L(x,w) =—0o, (x)L(x,w), (2.3)
and the change due to absorption could be modeled as:

(w-V)L(x,w) = -0, (x)L(x, W), (2.4)

We often combine the two coefficients to the extinction coefficient o,(x) as
o,(x)=0,(x)+0,(x),
and the combined loss in radiance is given by:

(w-V)L(x,w) = —0,(x)L(x, w). (2.5)

On the other hand, when photons move through the media, there will also be a gain in
radiance due to in-scattering of light from other directions. The change due to

in-scattering is modeled by:

(w-VILGw) =0, [ plo,wi, WL, (x, w,)dw, (2.6)
where the incident radiance, L;, is integrated over all possible directions. p(x,w,w;) is
the phase function describing the distribution of the scattered light. We assume that

the phase function is normalized, .[94 p(x,w,,w)dw, =1, and is a function only of the

phase angle, p(x,w,w") = p(x,w-w"). The mean cosine g of the scattering angle is

defined as
g= Q4”(w-w)p(w-w )dw'.

It indicates the type of scattering in the medium. If g is positive, the medium is

14



predominantly forward scattering; if g is negative, the medium is predominantly
backward scattering; if g equals zero, the phase function is constant and the medium
results in isotropic scattering. Most translucent materials are strongly forward
scattering with g > 0.7. Such strongly peaked phase functions are costly to simulate in
media with multiple scattering since the probability of sampling in the direction of the
light source will be low in most situations. In this case we can benefit from a powerful
technique known as the similarity of moments [Jensen et al. 2002], which allows us to
change the scattering properties of the medium without significantly influencing the
actual distribution of light [Jensen et al. 2001]. Specifically, we can modify the
medium to have isotropic scattering by changing the scattering coefficient to

o =0o,(-g).
where o is the reduced scattering coefficient. The absorption coefficient remains
unchanged, and we get the reduced extinction coefficient o) =c. +0o,.

In addition to the gain in radiance due to in=scattering, there is also a gain in
radiance due to volume emission-Z, from the medium (i.e., a flame), and it is given
by:

(w-V)L(x,w) =0,(x)L,(xsw) . (2.7)

By combining Equation 2.5, 2.6, and 2.7 we get a linear integro-differential equation,

which is the so called light transport equation, or radiative transport equation:

(w-V)L(x,w)=0,(x)L,(x,w)—0o,(x)L(x,w) + O, Imﬁp(x, w,w)L (x,w,)dw, (2.8)
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2.2.1 The Volume Rendering Equation

In computer graphics, the light transport equation is often represented in another form,
which is derived by integrating Equation 2.8 on both sides for a segment of length s

subject to the appropriate boundary conditions [Jensen 2001] [Dutré et al. 2003].

L(x,w)= jos e o (x")L,(x")dx'+

+ jo e o, (x')J.m”p(x', w,, W)L, (x',w,)dw,dx'

+ e—r(x,xHW)L(x + swW, W) , (29)

where 7(x,x") (often called optical depth) is given by:
7(x,x") = J.x'o; (2)dz .

Equation 2.9 is the so called volume rendering equation, which is much more
complicated than the rendering equation because the light is influenced by light at

every point in space, not just the points-on other surface.

2.2.2  The Diffusion Approximation

The light transport equation, either in the form of Equation 2.8 or Equation 2.9, is a
five-dimensional equation with integrals, which is very difficult to solve even when
the light is scattered isotropically in the medium. Therefore, we need to use the
diffusion approximation to make it feasible to solve the light transport equation. The
diffusion approximation is based on the observation that as the number of scattering
events increases, the angular dependence tends to be smoothed out, i.e., the light
distribution in highly scattering media tends to become isotropic.

The diffusion approximation begins by dividing the radiance into two
components: the unscattered radiance (or reduced radiance) L, and the scatterd
radiance (or diffuse radiance) L;. The unscattered radiance is the radiance that
reaches point x directly from a light source, or from the boundary of the participating
medium. It decreases exponentially with the distance traveled through the medium

[Jensen et al. 2002] [Stam 1995]:
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L,(x+Ax,w) = e "L (x,w).

The diffuse radiance is radiance scattered one or more times in the medium. As stated
above, after many scattering events, the angular dependence of diffuse radiance tends
to be smoothed out, so the diffusion approximation can use the first four terms of the

spherical harmonic expansion to represent L, [Jensen et al. 2002] [Stam 1995]:

Ly (ew) = —— () + == E(x) - w, (2.10)
4 4
where ¢(x) = J;MH L,(x,w")dw'" is the 0"-order spherical harmonic, called the radiant

fluence and E(x) = .[94 L,(x,w'")-w'-dw' is the 1*-order spherical harmonic, called

the vector irradiance.

Substituting the diffusion approximation (Equation 2.10) to the light transport
equation (Equation 2.8) yields the classic diffusion equation [Jensen et al. 2002]
[Stam 1995]:

DV*§(x) = o,px)= S, (x) + 3DVS, (%), (2.11)

where D = %; and Sy(x) and Sj(x) represents the 0"-order and the 1*-order

t

spherical harmonic expansions of the source term, respectively.

The diffusion equation can be solved analytically for special cases [Jensen et al.
2001], or numerically by using a multigrid method [Stam 1995]. However, in the case
of translucent materials, we are only interested in the outgoing radiance at the material
surface as a function of the incoming radiance. Therefore we can further simplify the
solution of the diffusion equation using the dipole diffusion approximation, which we

will describe in next section.
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2.3 The Dipole Diffusion Approximation

The dipole diffusion approximation, which approximates the volumetric source
distribution using a dipole (i.e. two point sources), was originally developed in
medical physics community. The idea was proposed by Eason [Jensen et al. 2001] for
modeling the back-scattering of light by blood. Farrell et al. [Farrell et al. 1992] used
a single dipole to represent the incident source distribution for the noninvasive
determination of tissue optical properties in vivo. Jensen et al. [Jensen et al. 2001]
then introduced the dipole diffusion approximation to computer graphics community
for modeling the subsurface light transport.

The dipole diffusion approximation consists of positioning two point sources
near the surface to approximate an incoming light (see Figure 2.3). One point source,
the positive real light source, is locate at the distance z, beneath the surface, and the
other one, the negative virtual light source, is located above the surface at a distance

Zy.
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Figure 2.3: An incoming ray is transformed into a dipole source for the diffusion

approximation [Jensen et al. 2001] [Poirier 2003].
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By using the dipole diffusion approximation to solve diffusion equation, we can

get the following expression for the radiant exitance M (x,) at surface location x,

due to incident flux @(x;) at x; (see [Jensen et al. 2002] for the details of derivation):

’ —os, —os,

M (x,) = dD(x,) | z,(1+ o5, ) S+ 2, (1 + o5, )5 } (2.12)
' 4z s s

r v

!

where o' =2 is the reduced albedo (a =2 is the albedo, describing the relative

o, o,

importance of scattering versus absorption); o = ./30,07 is the effective transport

coefficient; s, =+/r’ +z’ is the distance from x, to the positive real light source;
s, =+/r’ +z_ is the distance from x, to the negative virtual light source;

. . 4
r= ||x0 - xl.|| is the distance from x, toxjyand, z, =/ and z =/ (1+ EA) are the

distance from the dipole source to the surface (shown in Figure 2.3). The mean-free

path /, is the average distance at which thelight 1s scattered: [, = i’ Finally, the

o,

boundary condition for mismatched interfaces is-taken into account by the 4 term

F dr

1
which is computed as 4 = A , where the diffuse Fresnel term F; is

“Lar
approximated from the relative index of refraction # by [Jensen 2001]:

F, = _1.440 + 0.710 +0.668 +0.06367 .

dr 2

n n

By using Equation 2.12, the subsurface illuminance then could be computed as:

S(x,) = jA M, (x,)

o' e & e
zLeAdqa(x[)E{z,(Hos,) > +z,(1+0s,)— }

r v

!

~ a e e ™
:IXieAE(x[)dxiE[zr(l+osr)~ ; +zv(l+osv) 3}

= [ EG)R, (x;,x, )dx, (2.14)
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where E(x;) = F4(n)E(x;) and E(x;) is the irradiance at point x,. The diffuse Fresnel

transmittance Fz(#) is defined as

Fa(n) = 1-Faln),
and

-y
Rd(xiaxa):_D—(n P,)
d®,(x;)
=2z (1+0s,)S "+zv(l+osv)e3v ,
4 s s

r v

which is the diffuse BSSRDF defined as the ratio of radiant exitance to incident flux
[Jensen et al. 2001]. Figure 2.4 shows the graph of R;(which has exponentially
decreasing property that we can employ in Chapter 3).

Finally, since the diffusion approximation already includes a diffuse Fresnel

transmittance, the diffuse radiance L is computed as:

F[l wj
t > g
L(xg9w) = Fn(ﬂ) (;C_O) D

where F/| is the Fresnel transmittance.

Alternatively, we could omit'the fresnel terms.and assume a diffuse radiance:

_S(x,)

L(x_ ,w)=

0’
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Figure 2.4: The graph of R;

The dipole diffusion approximation introduced by Jensen et al. [Jensen et al.
2001] is widely used by the following researchers in the computer graphics
community. However, we find that this moedel could possibly be improved by using
the equation proposed by [Kienle .and Patterson 1997] from the medical physics
community. They expressed the reflectance as the integral of the radiance over the
backward hemisphere and considerably reduced the error in deriving the optical
coefficients of translucent materials. By integrating their model into [Jensen et al.
2001], we expect that the measured parameters for translucent materials could be
more accurate than [Jensen et al. 2001] and the final appearance could be more

plausible as well.
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Chapter 3
A Caching Technique for Rendering

Translucent Materials

Our development of a caching technique for rendering translucent materials is based

on the following observations:

= Although the diffusion approximation with a hierarchical integration technique
[Jensen et al. 2002] is a very effective way of approximating multiple scattering, it
typically requires more than two hundred sample points per pixel to evaluate

surbsurface illuminance for each pixel.

= The subsurface illuminance tends to change slowly because the subsurface
scattering diffuses the incident light, blurs the effect of small geometric details on
the surface, and softens the overall looks. The smooth appearance is distinct

especially for high translucent materials and objects with small sizes.

= The resulting subsurface illuminance value is view-independent because the
subsurface scattering effect is only dependent on object geometry, object material

properties, and how the object is illuminated.

It appears that for the sake of efficiency, we should not recalculate subsurface

illuminance at each pixel, but should, instead, calculate it using a small set of
22



previously computed values at nearby surfaces. The size of the small set of computed
values should be independent of image size, thus high resolution images could be
produced efficiently. Also, since subsurface illuminance does not depend on
viewpoints, these computed values could be reused for many images, which is useful
for animation production.

In this chapter, we propose a caching technique for rendering translucent materials.
The framework of irradiance caching [Ward et al. 1988] is adopted. To do this, we
derive an exact solution to calculate the gradient of subsurface illuminance and
propose a split-disk model to determine the spacing of samples. Finally, we integrate

the caching scheme into Jensen’s hierarchical evaluation method [Jensen et al. 2002].

3.1 Dipole Diffusion Approximation as a Convolution

Process

Recall that the subsurface illuminance function(Equation 2.14) is

S(p)=[ _ E(p)R,(p.: Py)pys (3.1)

where E( p,)1s the irradiance scaled by Fresnel term and R(pi,p,) is the diffuse

BSSRDF expressed as:

’ —05, -0y,

Rd(pl.,po)=:l—ﬂ_ 2, (1405, )4z, (1+05,)—|, (3.2)

!

o . T .
where a'=—"-is the reduced albedo; o = .|30,0, is the effective transport

o

t

coefficient; s, =+/r’ +z’ is the distance from p, to the positive real light source;

s, =+/r’ +z. is the distance from p, to the negative virtual light source;

: . 4
r= |p0 - pl.” is the distance from p; to p,; and z, =/, and z =1/ (1 +§K) are the

distance from the dipole source to the surface (shown in Figure 2.3). The mean-free
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path [ = L, is the average distance at which the light is scattered. Finally, the

t

boundary condition for mismatched interfaces is taken into account by the K term that

. 1+ F ) ) .
is computed as K = ——% where the diffuse Fresnel term F, is approximated from
L

the relative index of refraction # by:

F, =140 , 0710

n n

In the assumption of semi-infinite plane-parallel medium, R,(p,, p,)becomes a

+0.668 +0.06367 .

function of distance between p; and p, only. By replacing parameter p; and p, with the

offset” p; — P, | and expressing the vector parameter in terms of scalar values, we can

rewrite R, as follows:
Rd(pi7po) = Rd(pi,x9pi,y’pi,zﬂpo,x7po,y7po,z) = Rs(pi,x _po,x’pi,y _po,y’pi,z _po,z)5

!

a . ; 5 2\ —oy 24t yt a2t
where R (x,y,z) =—]|z, (1 + O'\/Zr X ez )
an (\/zf+xz+yz+zz)3

\| e—d«/zf+x2+y2+zz

e

+

Zv(1+0'\/zv2 SR

1. (33)

/(\/zf +x° +y° +22T
Note that R; is a three-dimensional radial function with its value decaying
exponentially with the distance.

The original equation (Equation 3.1) integrates p; over the surface 4. It seems
that the integration is a two-dimensional process. But actually the integration is
performed in three-dimensional space because p; is a three-dimensional point. So we
change the integral domain and rewrite the Equation 3.1 in a form of three

dimensions:

S(p.>p,p) = [ [ [EG.3,2)0R, (x,,2, P, P, p. Yxdydz. (3.4)
XY Z

Substituting the Equation 3.3 into Equation 3.4 yields:

S(px,py,pz) = J‘IIE(X,)/,Z)RS(X—px,y—py,Z—pz)dXdde.

XY Z

Because the R, is a symmetric function, we can change the sign of the parameter:
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S P, 0.) = [ [[EG. 3, 2R, (p, = x,p, =y, p. — 2)dxdydz . (3.5)
Z

XY
Obviously, the resultant equation is in the form of the following three-dimensional

convolution of two functions:

S=E®R,.

3.2 Calculating the Subsurface Illuminance Gradient

Given the subsurface illuminance function (Equation 3.1), it is not clear how to
calculate the gradient of the subsurface illuminance. With the reformulated
convolution form in Equation 3.5, the gradient could be derived straightforwardly.

Recall that the derivative of a convolution function is:

d) d,
Liren-Leg-ro%
dx
The gradient of the subsurface illuminance is then-derived as follows:
v (25 35 25,
ox’ oy oz

—(—(E®R) (E®R) (E®R))

—(—®R 6E6<)RS,8—EE<)RS), (3.6)
ox oy 0z
or
A R~ R~ R
:(E®85,E®a oR, (3.7)
ox Wy 0z

As shown in the Equation 3.6 and Equation 3.7, once we have either VE or VR,

we could calculate the gradient of subsurface illuminace. However, since £ does not

have an analytic form, it is impossible to calculate VE analytically. Therefore, in
our implementation, we choose Equation 3.7 to calculate the gradient of subsurface

illuminance. Note that

R [4 _ 705, _ o8,
M=ix{hr e4 [azsr+3a+ij+hv e4 [azsv+30'+iﬂ,

Oox 47
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R e —e ™ _
a S(x)yaz):iy hr e4 O_ZS’+3O-+1 +hv 7 O_ZSV+3O-+_ 9
oy 4z~ | s, S, Sy 5 /]
R ' B _ o5, _p % ]
0 .s-(-xayaz)ziz hr y UZSV+3O'+3 +hv 64 O'zsv-l-30‘|'i s
aZ 47[ L Sr Sr SV SV -
s, :\/x2 +y*+z+h,
s, :\/)C2 -|-y2 -f-Z2 +hv2 .
And the problem is reduced to evaluating the integral of convolution:
oS ) 'y a aRs x X —Y.P:—Z
PoPale) (1] fy,y, ) DAL 0P 20D 25D g,
ox Xrz Ox
aS s s 2 A aRs x - X, AN & -z
PoPale) (] iy, p,z) DB TP Z0P Z0) g,
oy XYZ Oy
aS s s 2 A aRs x - X, AN & -z
PosPioP) ([ i,y TP TP Z0P 2D g (39)
0z XYz 0z

Although the integrals still do not haye
properties of VR_(see Figure 3:1); we

an analytic selution, by exploiting the

coulduse some integration techniques such as

Monte Carlo and quadrature methods to.get-a-good approximation.

- L

Skimmilk R channel

Skimmilk G channel

Skimmilk B channel

-0.2

Figure 3.1:

R
The graph of R, .
Ox
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Notice that if we choose

oS(p,.p,,p.)
ox

= [[[ 2R (p, 2., ~ . - 2y,

XY Z

6S(pwp},

I 6E(x V,2)

VA

~ —

————R(p,—x,p, =y, p, —z)dxdydz

X

S(p,.p,.
(p, P} J' I@E(x y,Z)R (p,—x Py = Vs D, — z)dxdydz
X

YZ
to calculate the gradient of subsurface illuminance, it would be infeasible to get a

good approximation even using the Monte Carlo method because the VE could not

be easily sampled.

3.3 Applying the Gradient to Interpolation

Once we calculate the gradient of'subsurfacesilluminance, we could use the gradient
to interpolate the subsurface illuminance more'accurately. We use the same weighted
average as proposed in Ward’s caching technique [ Ward et al. 1992] to interpolate the
subsurface illuminance value:
;wk (PIS, +(p-P£)-VS,]
S(p) = S

keC

: (3.9)

where
p 1s the position of the point to be computed,
P is the position of cache k,
wi(p) 1s the weight of cache k with respect to p,
C is the set of valid caches, {cache k: wi(p) > 1/a},
Sy 1s the computed subsurface illuminance of cache k,
VS, isthe computed gradient of subsurface illuminace of cache k, and

a is a user-specified error bound.

The next problem is how to determine the spacing of samples, i.e., how to
determine the weight of each sample, or how to estimate the error of each sample. The
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simplest and theoretically most accurate solution is directly using the inner product of
the offset (p—p,) and VS, derived in last section as our error estimate &
(assuming that the error due to interpolation is proportional to the estimated

directional change of subsurface illuminance), i.e.,

gocASzApxa—S+Ap,a—S+Apza—S=Ap-VS.
ox " oy Oz

Unfortunately, this will lead to bias the calculation. Since gradient is a very local
property, areas that just happen to have small subsurface illuminance gradient would
be sampled at low density, even though there could still be sudden changes in the
subsurface illuminance value due to nearby surfaces. A possible solution is to use
some approximation models to capture the largest expected gradient in determining
the sample density so that we could not miss anything relevant.

To estimate the largest expected gradient, we introduce a split-disk model
analogous to the split-sphere model proposed by Ward et al. [Ward et al. 1988]. The
split-disk model, based on the assumptionsthatthe geometry is locally flat, relates the
subsurface illuminance gradienttosthe varianee V of the irradiance values within
nearby surfaces. It assumes thatia'sunface element is located at the center of a disk
which approximates nearby surfaces (see Figure 3.2). The radius of the disk, R, is
heuristically determined according to the material scattering property. Half of the disk
is totally bright with constant irradiance K and the other half is totally dark with
constant irradiance of zero. Because the variance of the irradiance values within the
disk is V, we can conclude that K=2V. The split disk has the largest expected gradient
possible for surfaces with variance V.

An approximate bound to the change of subsurface illuminance in the split

disk, ¢, is given by the first order Taylor expansion of the function S of one variable:

oS

e(u) <|(u _MO)E

b

where u, is the center of the disk and u is some other point on the disk. Note u, and u
are both one-dimensional value because we only care about the distance between two

points.
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Sector of circle A

Right triangle B

Figure 3.2: The split-disk model*A’'surface element is located at the center of a

half-dark disk.

To derive

oS . (ASJ
— = lim| —|,

ou M0\ Au
we firstly consider a surface element moving from u, to u, the change of S could be
computed as twice of an integral over sector of circle 4 plus an integral over right
triangle B (see Figure 3.2):

AS =2(AS , +AS}),

where

Ox (R
AS, = jo jo E(r)R,(r)rdrd® and

1 VR2—Au? pAu
AS, =§J; J.O E(x,y)R, (x> +y* )dxdy .

Unfortunately, we cannot find an analytic solution of the integral describing
subsurface scattering over right triangle ASp. Inspired by [Mertens et al. 2003] where
a semi-analytical integration method is derived to solve the integral describing

subsurface scattering over an arbitrary triangle, we can approximate AS by an integral
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over four sectors of circle, i.e.,
AS = 4AS .

The derivation of AS is as follows:
AS =4[ 5 [ E(R, (r)rdrde
0 Jo d '
Substituting E(r) = 2V, we have
Ox (R
AS ~ 4-2Vj0 jo R, (r)rdrd®.

Then replacing Ry(r) (Equation 3.2) yields

as =gy (" —{ Lo, )tz (tos,) }rdrde
SI‘ SV
By rearranging terms, we can obtain
AS = Vzi I (1+os) rdr+j 1+os) i rdr |d0@
T 20 s s

Since ds, 1 2r , which.implies rdr =s,ds, and
dr 2.y 427
ds, 1 1 PRt . .
L= 2r, which implies. rdr.=s;ds,’, we can change the integration
dr 2 2 + Zz

variable 7 into the distance s, and s, and get

—os,

Sds +I (1+os )e3
s

r v

T

2a’
AS~ V=] U (l+0's) S

rdsv}dﬁ

T 0 R, R,

=V2it9R e _Zr gk 4 g Dy ok
T R, R,

_VziASz ( j(e"’ It e e J,
72- r v

where
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and
R =R +z
Since — = lim(ﬁ], we get
u Au—0 Au
V2a ASin Au e =L e Y
0 . T R, R,
— ~ lim
au Au—0 Au
Therefore,
S o ASin(Au)
—=V d e _lr gt o Iy, lim
Ou V4 . ) Ax—0 Au

Finally, we arrive at

s =V 20 e _Zr gt g _ 2y ok, ,
ou 7R R R

r v

and the error estimate can be computed as
oS
u

oS
e(u) < 8—u(u—u0)( < p |u—u0|

'

— |M —u |V 2a e*"zr Zr e*f’Ry + e_azv _ Zv e—GRv

= 0 -4 — .
7R R R

r v

We can extend our approximation to more complicated geometries by replacing u

with vector-derived values:

— _ L"ﬂ -0z, Zr —OR, —oz, __ Zv —OR,
S(p)—”p p0||V o (e 2 e +e 2 e ]
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As in [Ward et al. 1988], the inverse of the error estimate
1 1

&(p) ) _ 270[' oz, _ Zr g0k o Py ook,
||p Pi”Vi s (e 2 ¢ +e e J

w,(p) =

is then used as our weight.

Substituting Equation 3.10 into Equation 3.9, the subsurface illuminance of some
point of interest then can be computed by interpolating nearby caches. Additionally,
the interpretation of the subsurface illuminance gradient allows us to perform the
calculation separately for each sample wavelength or to combine into a spectral
average. The latter was chosen for our implementation to save storage costs and
evaluation time, although this may cause some blurring artifacts when the difference

of scattering properties within each sample wavelength is too large.

3.4 A Three-Pass Technique for Rendering Translucent

Materials

To integrate our model into Jensen’s hierarchical evaluation method [Jensen et al.
2002], we use a three-pass approach, in which the first pass consists of computing the
irradiance at selected points on the surface, the second pass generates all the necessary
cache samples whose values including subsurface illuminance, gradient of subsurface
illuminance, and variance of irradiance over nearby surface are computed by using the
precomputed irradiance values, and the last pass re-uses the caches to produce the
final image via interpolation.

Note that the second pass in our three-pass approach only generates caches. It
doesn’t use caches to interpolate any value. The interpolation using caches is done in
the third pass. The reason why we do not combine generating caches and re-using

caches into a single pass is discussed in section 3.5.
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Pass 1: Sampling Irradiance

To solve Equation 3.1, firstly, we need to sample the irradiance function E(x). There
are a number of methods to generate sampling positions on the surface. In [Jensen et
al. 2002], Turk’s point repulsion algorithm [Turk 1992] is used to obtain a uniform
sampling of points on a polygon mesh. However, a uniform sampling seems irrelevant
in their hierarchical approach as each sample point is weighted by the area associated
with it. Instead of using the Turk’s point repulsion algorithm, which is complicated to
implement, we use a very simple method to obtain the sampling positions on the
polygon mesh. We directly use the centroid of each face as our sample point and
assign the area of the face as the area associated with this sample point. If a model is
too coarse and results in low-frequency noise in final image, we subdivide the model
until the noise disappears.

For each sample point, we store the position, the area associated with the point,
and a computed irradiance estimate.sSince we focus on caching technique in this
thesis, we do not use any rendering téchnique that accounts for global illumination
(such as photon mapping and distributed ray racing) to compute the irradiance. We
simply sum up irradiance contributions from each light source for evaluating direct
illumination on each sample point.

As stated in [Jensen et al. 2002], the irradiance samples described in above
section should be stored in a hierarchical structure so that,by clustering distant
samples, we can exploit the exponential shaped fall-off of R, thus facilitating the
evaluation of diffusion approximation. There are a number of hierarchical structures
that we can use to store irradiance samples. Here we choose an octree as proposed by
Jensen et al. [Jensen et al. 2001] in our implementation. Each node in the octree stores
some information representing all irradiance samples inside the voxel associated with
the node: the total flux @, the total area 4, and the average position P. Note that the
leaf node could have up to 8 irradiance samples for efficiency issue. The @, 4, and P

are computed as follows:

(Dizzq)j, Ai:zAj9 B:%,
J
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where node j is node i’s child and if node i is a leaf node,

O, =Y EA4, 4= 4, 3:%,
where irradiance sample & is within node i.
Furthermore, because our split-disk model needs to compute the variance of
irradiance samples over nearby surface and the variance is derived as
var[[]* = E[(I - E[1])’],
= E[I*]-(E[1]), (3.11)
where / is the irradiance distribution over nearby surface.

E[I]can be computed as

E[l]= ZZEAA" = %‘3? : (3.12)

where £ . 1s the irradiance of nearby:sample 7 scaled by Fresnel term, and 4; is

associated area of nearby samplé i,

For the sake of E/I°], which is computed as

E[I*]= ZZE;Ai = %Aj" ; (3.13)

we store additional information M; in each node:

M, = ZM i’
where node j is node i’s child and if node i is a leaf node,
M, =Y E;A4,

where irradiance sample & is within node i.

Pass 2: Generating All the Necessary Caches

Before we state how to find where all the necessary caches should be generated,
we present how to compute the values stored in each cache. The values we stored in
each cache are subsurface illuminance S, gradient of subsurface illuminance VS, and
variance V of irradiance over nearby surface. All these values are computed by using
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the precomputed irradiance values (distributed in Pass 1) stored in a hierarchical
structure.

To compute the subsurface illuminance and the gradient of subsurface
illuminance, we need to solve the integral in Equation 3.1 and Equation 3.8,
respectively. If we directly sum the contribution from all the irradiance samples, i.e.,
solve the integral in Equation 3.1 and Equation 3.8 using uniform sampling, the
computation would be too costly. Thus Jensen et al. proposed to use a hierarchical
integration technique [Jensen et al. 2002], i.e., find a set of points N (see Figure 3.3)

that could effectively represent all the irradiance samples to compute the integral.

@® O Pre-computed irradiance samples
(distributed in Pass 1)

X Representative points of a cluster of

pre-computed irradiance samples

An interested point

@ X ThesetN

Figure 3.3: The set V.
Finding the set N
To find the set N with respect to a point p, we follow the algorithm proposed by

Jensen et al. [Jensen et al. 2002], and begin by traversing the octree from the root. For
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each node, we first check whether the node is a leaf. If it is, we include all the
irradiance samples within it to set N; otherwise, we then check whether p is inside the
voxel associated with the node. If p is inside the voxel, we continue to traverse down
to the children; if not, we then compare the solid angle with respect to the voxel with
a user-specified value m, which controls the error. If the solid angle is larger than m,
we traverse down to the children; otherwise, we add the representative point of the
node to the set N. The pseudo code is listed below:
Traverse octree(location p, node i)
{
IF node i is a leaf node
Add all irradiance samples within voxel i to set N
ELSE IF point p is inside voxel i
FOR each child j of node i
Traverse octree(p, f)
ELSE IF the solid angle of voxel i > m
FOR each child jof node i
Traverse octree(p, )
ELSE

Add representative point of node 7 to set N

Computing S, VS, and V
After we find the set N with respect to a point p, the subsurface illuminance at p

is computed by summing up the contribution from point 7 in N:

S(p)=[ _ Ew)R,(p,.p)p,
= _Ri(p PE(p)dp,
= L _Ri(p;, p)®,

~ sz (P, p)®,,

ieN
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As for evaluating the gradient of subsurface illuminance at p, ideally, we should
use some integration technique exploiting the properties of VR_( Figure 3.1) to solve
Equation 3.8. Also, the solution to the integral should be evaluated very fast, or the
cost for computing the gradient will cancel out the gain from the interpolation and
extrapolation. Fortunately, we don’t need to devise some sophisticated integration
technique to solve the integral. We could directly use the set N as our sample point to
hierarchically solve the integral, just as we use the set N to solve Equation 3.1, though
the plots of R, (Figure 2.4) and VR _ (Figure 3.1) are not quite the same. The

gradient of subsurface illuminance could be computed as follows:

VS(p) :ZVRS(px _Iji,x’py _Iji,y’pz _Iji,z)q)i

ieN
Note that intuitively, it seems that we should use vector P;- p as our parameter to
calculate the gradient, but we use vector p - P; instead. This is due to the sign change
during the derivation of the convolution process (Equation 3.5).
Another value we have to compute issthe variance / of irradiance over nearby
surface (see Equation 3.11, 3.12; and 3.13):
V? =E[(I<E[ID],
= E[I*]-(ELL])’,

YoM (Yo

— ieN _ | ieN , (314)
A, A

where [ is the irradiance samples within nearby surface. Note we again use the set N

to calculate the variance.

Determining where the caches should be generated

To determine where all the necessary caches should be generated, we firstly use
ray casting to find a set of visible points X. For each point x; in X, we check if there is
any previously computed cache at nearby surface that could be used for interpolation,
i.e., any cache k with  Wy(x;) > 1/a. If any, we leave x; to next pass; otherwise, we
generate a new cache at point x;, evaluate S(xj) and VS(x,;) associated with the

cache. Note that checking each point x; in X in different order could change the
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resulting distribution of the caches. Here we choose bottom-up scan-line order in our
implementation.
As stated is [Ward et al. 1988], each previously computed cache is only valid for

interpolation in some finite space. The “valid domain” of each cache is computed as

follows:

w,(x;) = L ! > =

BT R 7 S I
i k" k 7Zf€ Rr RV
which implies
a
||xi - pk” < 20 - B .
I/ki e—azr _ “r e—UR, _|_efc:zV —7‘2670—&
7R R, R,

By using this “valid domain”, we could store these computed caches in an
efficient data structure so that nearby caches can be located fast. As in [Ward et al.
1988], we choose an octree to store our'computed caches. We begin by using the
object’s bound box as the root ofithe octree. When amew cache is generated at some
location, the octree is subdivided on demandto contain this value. Each cache value,
with valid domain 74, should be €ontained-inranyoctre¢ node whose side length is
greater than 2*ry, but not more than 4*z;. This.guatantees that the stored caches could
be located in no more than 8 cubes on its own octree level, and a cache with a small
valid domain will only be examined in close-range searches (typically only one or two
cubes need to be traversed). An analogous two-dimensional extreme case is shown in

Figure 3.4.
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Minimum node containing the

containing the cache
cache

¥

The cache \_--i ______

Figure 3.4: An extreme case of 2D octree node containing a cache with valid domain 7

|
\

The pseudo code for storing computed caches is listed below:

StoredCaches(cache k, node i)
{
IF (7 < (side length of node i)/ 4)
IF node i doesnot have child
Split nede i into nede’j, forj=1... 8
Determine which child j containing cache k&
StoredCaches(k, ;)
ELSE

Store cache & into node i

shell of node i

. 1 )
v\\,\ node i

Figure 3.5: The shell of a node is obtained by expanding its side length from S to 2.
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To search the octree for a cache k£ whose valid domain 7, contains test point x, the

following recursive procedure is used:

FindAnyValidCache(point x, node i)
{
FOR each caches £ stored in node i
IF |[x-pi| <r¢
Return True;
FOR each child j of node i
IF x is within the “shell” of the node j (Figure 3.5)
Return FindAnyValidCache(x, /)

Return False;

Pass 3: Reusing Caches to Interpolate Image
After we generate all the necessary caches, we evaluate each point x; in X (which is a
set of visible points computed by.ray-casting).using Equation 3.9. Again, we use the
octree to find the set of valid caches'C:'The pséudo code is listed below:
FindAll'ValidCache(point x, node i)
{
FOR each cache £ stored in node i
IF |x-pi| <rx
Include cache £ to C
FOR each child j of node i
IF x is within the “shell” of the node j (Figure 3.5)
FindAllValidCache(x, ;)
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3.5 Discussion

In Ward’s original paper [Ward et al. 1988], though the split-sphere model is only
a crude estimate of the gradient magnitude, generating cache and reusing cache were
proposed to be done in a single pass. This results in some rather disturbing artifacts
due to inaccurate interpolation and extrapolation. Figure 3.6 shows an example of

inaccurate interpolation.

4

Figure 3.6: Inaccurate interpolation.due to a single pass scan-line rendering.

In single-pass scan-line rendering (assuming in bottom-up scan-line order), the four
points P, C;, C,, and Cj; are examined in the order of C;, P, C,, and Cj;. Assuming that
we generate C;, C», and C; as caches; and P is within their valid domains, we can find
that when we examine point P, the cache C, and C; have not yet been generated, thus
we will use only one cache C; to interpolate point P. If we use two pass, i.e., the first
pass generates the cache C;, C», and Cj; then the second pass interpolates P using
these three caches. That way will get more accurate interpolation.

To solve this problem, Ward then proposed irradiance gradient [Ward and
Heckbert 1992], which computes actual irradiance gradient, not just a directionless
upper bound, to make the interpolation and extrapolation significantly more accurate,
thus avoiding separating generating cache and reusing cache into two passes.
However, in our translucent caching technique, although we have successfully
computed the gradient of subsurface illuminance, we still need two-pass calculation to
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get an acceptable image. This is mainly due to the fact that subsurface illuminance
gradient is much greater than irradiance gradient. Figure 3.7 compares images

rendered in one-pass and two-pass approaches.

Figure 3.7: Left: two-pass approach. Right: one-pass approach.

As for computing the variance oflirradiance for split-disk model, we didn’t use
the most accurate calculation (Equation 3.14). The most accurate calculation should

be evaluated using

Vi =El(-1,)]

D U=1,)7 4,
24

DA =20 LAY A,
B ZAI}

M -2, W I 4
ZAii

where 1, is the irradiance at the location p. Because using this equation didn’t affect

the final image quality very much, it is not worthy of re-sampling irradiance at each
pixel unless the cost of re-sampling irradiance is negligible.

Instead of the split-disk model, we could use other approaches to determine the
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cache distribution. One alternative is applying a filterto VR_, i.e., convolving VR,

with some filter function G (e.g., Gaussian function):

F :GRS(x,y,z)®G’

’ ox

Fy_aRS(x,y,z)@)G,
oy

F R g6
Oz

And then by using the resultant functions, we can derive average subsurface

illuminance gradient:
VS =(E®F,EQF, EQF,).

This approach has advantages of capturing the average subsurface illuminance
gradient more accurately and computing V.S~ by using the same hierarchical
integration technique for S and VS . Unfortunately, we didn’t find any filter function
that could produce analytic solutions of function £+ Thus we leave this study as our

future work.
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Chapter 4

Results

In this chapter we present several results from our implementation of the rendering
technique. All the images are rendered by a Monte Carlo ray tracer at the resolution of
1024x1024 pixels. Our timings are recorded on a PC with an AMD Athlon XP 1800+
(1.53GHz) processor and 512 MB main memory.

To validate our algorithm, weshave implemented Jensen’s hierarchical rendering
technique [Jensen et al. 2002] and compare the images generated by Jensen’s
hierarchical rendering technique with ours(Figure 4.1). The Dragons are rendered
with material Skimmilk [Jensen et.al. 2001 ]. Our.approach gives almost the same
visual appearance while achieving about one ‘order of magnitude speedup.

Table 4.1 illustrates the performance and timing statistics of our approach with
different models. N is the number of samples for sampling irradiance. C is the number
of total caches. H is the number of total hit pixels. R is the ratio of C to H. RMS is the
root-mean-squared error with respect to the averaged RGB value of each pixel. T; and
T, are the rendering times used in Jensen’s approach and ours, respectively. The time
for sampling the irradiance and computing the specular term is not taken into account.
Note the ratio of total caches to total hit pixels is about 2%. Other 98% pixels could
be calculated via interpolation. While we only use such small amount of caches, we
still get very good visual appearance with RMS smaller than 0.01. The speedup ratio
is dependent on the average cost for computing subsurface illuminance of each cache.
The more the computation of subsurface illuminance costs (e.g. for better image

quality), the higher speedup we get. Typically, it varies from 5 to 15.
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Figure 4.1: Top: the image rendered using Jensen’s hierarchical rendering technique.

Bottom: the image rendered using our caching technique.

Model Buddha Dragon Igea Teapot
N 293,232 202,520 268,686 261,632
C 6,845 8,207 8,240 5,991
H 342,124 446,781 491,436 316,046
R 1.84% 2.00% 1.68% 1.90%
RMS 0.0058 0.0062 0.0040 0.0049
T, (sec.) 62.50 76.47 88.09 41.17
T, (sec.) 7.53 6.50 7.89 4.84
Speedup 8.30 11.76 11.16 8.51

Table 4.1: Overview of performance with different models.
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Figure 4.2 shows distribution of the caches and Figure 4.3 show the direct
illumination. Figure 4.4 shows the visualization of the gradient of subsurface
illuminance VS, where the XYZ channel of the gradient is mapped to the RGB
channel in the images. The brightness of a pixel corresponds to the magnitude of the
gradient. Figure 4.5 is the variance V of the irradiance. Figure 4.6 then shows these
four models rendered with material Marble. Note the models are rendered at scale of

Tcm.

Figure 4.2: The cache distribution.
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Figure 4.3: The irradiance £ (direct illumination only).
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Figure 4.4: The visualization of VS§.
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Figure 4.5: The variance V.
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Figure 4.6: Different models rendered with material Marble.
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Finally, we show that our caching scheme could be tailored to different sizes of
objects and different kinds of materials. In Figure 4.7, the scale of Buddha changes
from 7cm, Scm, 3cm, 1cm, to Smm. And the dragons in Figure 4.8 are rendered with

material Skinl and Skin2 [Jensen et al. 2001].

Figure 4.8: Top: dragon with material Skinl.

Bottom: dragon with material Skin2 [Jensen et al. 2001].
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Chapter 5

Conclusion and Future Work

In this chapter, we give a brief summary of the thesis, and suggest some directions of

future work.

5.1 Summary

We present an efficient caching technique for fendering translucent materials. We
successfully integrate irradiance caching technique proposed by Ward et al. [Ward et
al. 1988] into a rapid hierarchical rendering-technique for translucent materials
proposed by Jensen and Buhler [Jensen.and Buhler 2002]. Our approach is efficient
for producing high-quality images with high resolution and is particularly useful in
animations. It also integrates seamlessly with Monte Carlo ray tracing, scanline
rendering, and global illumination methods. Our results demonstrate the speedup
could be achieved up to one order of magnitude compared to the hierarchical
rendering technique proposed by Jensen and Buhler [Jensen and Buhler 2002] with
negligible visual difference in the final images. The success of our approach is mainly
due to the caching technique using the gradient of subsurface illuminance.
The contributions we achieve in this thesis can be summarized as:
= We show that the classic irradiance caching originally used in the ray tracing field
for computing indirect illumination could also be extended to render translucent
materials.
= We conclude that the dipole diffusion approximation is a 3D convolution process.

= We reformulate the calculation of the gradient of subsurface illuminance using
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convolution.

= We propose a split-disk model analogous to Ward’s split-sphere model [ Ward et al.
1988] to determine the spacing of samples.

=  We successfully integrate the irradiance caching technique [Ward et al. 1988] into
the rapid hierarchical rendering technique for translucent materials [Jensen and

Buhler 2002] with up to one order of magnitude speed-up.

5.2 Future Directions

Further improvements include exploring more complex models to determine the cache
distribution and devising a reasonable model to determine the radius of split-disk and
the upper bound of valid domain of each cache, which are set heuristically in our
implementation.

Combining our caching technique with progtammable graphics hardware is also
an interesting topic. The vertex sent to graphics pipeline could be treated as cashes in
our caching scheme and the interpolation using subsurface illuminance gradient could
possibly be implemented in fragment'shader. This approach should enhance the image
quality of recent researches [Mertens et al. 2003; Hao and Varshney 2004; Hao et al.
2003; Lensch et al. 2002; Carr et al 2003; Dachsbacher and Stamminger 2003], which
are all restricted to mesh-based objects with Gouraud Shading.

Finally, it would also be useful to investigate the accuracy of the dipole diffusion
approximation in the presence of complex geometries and to find the solution
methods for the heterogeneous materials, which is still a big challenge for current

researchers.
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