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Chapter 1

Course Introduction

1.1 Course Description

This course provides an introduction and overview over the field of measuring reflection properties
of materials and objects targeted to the specific needs of computer graphics applications. The course
will introduce and present a broad set of current acquisition methods where each approach is particularly
suited for specific types of materials. The course covers the range of acquisition techniques from opaque
surfaces, subsurface scattering, or fibers to complete objects.

1.2 Prerequisites

This course is self contained with regard to the principles and concepts used for each acquisition tech-
nique. However, attendees should have a working knowledge of basic concepts of realistic rendering
and object representations such as triangle meshes or texture maps.

1.3 Course Web Page

Updated versions of the course notes and additional information about the course are available at the
following course web page:

http://www.mpi-sb.mpg.de/resources/siggraph05-course-realistic-materials



SIGGRAPH 2005 Course Realistic Materials in Computer Graphics

1.4 Syllabus

8:30
8:45

9:30

10:15

10:30

11:15

11:45

12:15

1:45

2:30

3:30

3:45

4:30

5:15

Welcome and Speaker Introduction
Introduction (Lensch)

- material properties

- classification

Acquisition Basics (Goesele)

- light sources

- cameras

- HDR

Break

Homogeneous Isotropic BRDFs (Matusik)
- image based BRDF measurement

- data driven BRDF model

- validation of analytical BRDF Models
Heterogeneous Isotropic BRDF's (Lensch)
- spatially varying BRDFs from few images
Translucent Materials (Goesele)

- BSSRDF

- simplification to 4D

Lunch Break

Transparent/Specular Materials (Chuang)
- environment matting

Fibers (Marschner)

- fiber radiometry

- human hair

Break

BTFs (Mueller)

- surface patches

- acquisition, compression, and rendering
Reflectance Fields (Hawkins)

- light stage 1,2,3

- opacity hulls - putting it all together
Conclusion, Questions and Answers (all)
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1.5 Course Presenter Contact Information

Hendrik Lensch

Stanford University

Computer Graphics Laboratory
Gates Bldg. 3B-364

353 Serra Mall

Stanford, CA 94305

USA

Email: lensch@stanford.edu
WWW: http://graphics.stanford.edu/~lensch

Michael Goesele

MPI Informatik
Stuhlsatzenhausweg 85
66123 Saarbruecken
Germany

Email: goesele@mpi-sb.mpg.de
WWW: http://www.mpi-sb.mpg.de/~goesele

Yung-Yu Chuang

Department of Computer Science and Information Engineering
National Taiwan University

No.1, Sec. 4, Roosevelt Road

Taipei, 106

Taiwan

Email: cyy@csie.ntu.edu.tw
WWW: http://www.csie.ntu.edu.tw/~cyy

Tim Hawkins

University of Southern California
Institute for Creative Technologies
13274 Fiji Way, Suite 600

Marina del Rey, CA 90292

USA

Email: timh@ict.usc.edu



SIGGRAPH 2005 Course Realistic Materials in Computer Graphics

Steve Marschner

Cornell University

Computer Science Department
5159 Upson Hall

Ithaca, NY 14853

USA

Email: srm@cs.cornell.edu
WWW: http://www.cs.cornell.edu/~srm/

Waojciech Matusik

Mitsubishi Electric Research Laboratories (MERL)
201 Broadway

Cambridge, MA 02139

USA

Email: matusik@merl.com
WWW: http://www.merl.com/people/matusik/

Gero Mueller

University of Bonn, Institute for Computer Science 11
Roemerstr. 164

53117 Bonn

Germany

Email: gero@cs.uni-bonn.de
WWW: http://cg.cs.uni-bonn.de/staff/person.asp?id=51

1.6 Acknowledgements

The authors would like to thank all of their co-authors and colleagues whose work is presented in these
course notes. The authors are furthermore grateful to their funding agencies for financial support.



Contents

1 Course Introduction 3
1.1 Course Description . . . . . . . . . . L e 3

1.2 PrerequiSites . . . . . . . . . o i i e e e e e e 3

1.3 Course WebPage . . . . . .. .. . . . . .. e 3

1.4 Syllabus . . . . . oL 4

1.5 Course Presenter Contact Information . . . . ... .. ... ... ........... 5

1.6 Acknowledgements . . . . . . . . ... ... 6

I Course Notes 11
2 Introduction 13
3 Background 15
3.1 Radiometry . . . . . . ... 15

3.2 Radiometric Terms . . . . . . . . . . . . . . e 15

3.3 The Rendering Equation . . . . . ... ... ... ... ... ... 16

34 InverseRendering . . . . . . . . . ... 18

3.5 Interaction of Light with Matter . . . . . .. .. ... ... ... ........... 19
351 GIOSS . . vt 19

3.5.2 Bidirectional Reflectance Distribution Functions . . . . . .. ... ... ... 21

3.5.3 Physical Properties . . . . . . . ... 22

3.6 Reflection Properties . . . . . . . . . . . .. 24
3.6.1 Materials . . . . . . ... e e e e e e 24

3.6.2 Surface Structure . . . . . . . ... e e e e 28

3.6.3 Spatial Variation . . . . . . . ... e 29

3.64 HierarchyofDetail . . . . . . ... ... ... ... 30

3.7 Representations of Reflection Properties . . . . . . ... ... ... ... ... ... 30
3.7.1 Tabulated BRDFs . . . . . . .. ... ... . 30

3.7.2 Factorization and Spherical Harmonics . . . . . .. ... ... ... .. ... 30

3,73 BRDFModels . ... .. .. . . . .. . e 30

4 Taxonomy of Acquisition Approaches 33



SIGGRAPH 2005 Course Realistic Materials in Computer Graphics

5 Acquisition Tools and Systems

5.1 Geometry AcquiSition . . . . . . . . . .ol
5.1.1 Performance and Accuracy . . . . . . . . . . ...
5.1.2 3D Geometry Processing Pipeline . . . ... ... ... ............
5.2 Digital Camera Systems . . . . . . . . ... e e e e
5.2.1 Camera Setup and Components . . . . . . . . . . .. ...
5.2.2 Geometric Calibration . . . . .. .. ... .. ... .. .. .. ...
5.2.3 Photometric Calibration . . . . . . ... ... ...
524 CameraSystems . . . . . . . .
5.3 Mumination . . . . . . ... e e
54 Environment. . . . . ... oL e e e e

Homogeneous Isotropic BRDFs

6.1 Reflectance . . . . . . . . ..
6.1.1 Propertiesof BRDFs . . . . . ... ... .. ..
6.2 Measurement . . . . . .. ..ol e e e e e e e
6.2.1 Measurement System . . . . . . . ... oo e e e
6.2.2 Geometric Calibration . . . . . ... ... ... L o
6.2.3 High-Dynamic Range Radiance Measurements . . . . . ... ... ... ...
6.2.4 BRDF Computation . . . . . . . ... . . ...
6.2.5 DataRepresentation . . . . . . . ... L Lo
6.3 Efficient Measurement . . . . . . . . . . ...
6.3.1 Efficient BRDF Sampling Based on Wavelet Analysis . . . . ... ... ...
6.3.2  Pull-Push Reconstructionof BRDFs . . . . . . ... ... ... .. ......
6.3.3 Linear Combinationsof BRDFs . . . . .. .. ... ... ...........
6.4 Validation of Analytic BRDF Models . . . . ... ... ... ... ..........
6.4.1 SingleLobe . . . . . . ...
6.42 Multiple Lobes . . . . . . ..
6.4.3 Shape of the specularlobe . . . . ... ... ... ... ... ..
6.5 Data-driven BRDFmodel . . . . . ... ... ... ...
6.5.1 AnalysisUsingPCA . . . . . . . . . .. . . . ..
6.5.2 Limitations of the Linear Model . . . . . . . ... ... ... ... ......
6.5.3 Non-linear Dimensionality Reduction . . . . ... ... ... .........

Heterogeneous Isotropic BRDFs

7.1 BRDF Measurement by Clustering . . . . . . . . .. ... ... .. .. ...

7.1.1 Image-based BRDF Measurement for Homogeneous Materials . . . . . . . . .

7.1.2 Image-Based Measurement of Material Clusters . . . . . . . ... ... .. ..

7.1.3  Adding Spatial Variation . . . . . ... ... ...

7.2 Acquisition . . . . ... e e

7.2.1 Recovering the Light Source Position . . . . ... ... ... ... ......

7.3 Resampling . . . . . . oL
7.3.1 Discarding Data at

Depth Discontinuities . . . . . . . . . . . . . i



CONTENTS

74 Conclusion . . . . . . . . . . e

8 Translucent Materials and BSSRDFs

8.1 Introduction . . . . . . . . . . .. ...
8.2 Models for Translucent Objects . . . . . . ... .. ... .......
83 TheBSSRDF . . . .. . . . . . .
8.3.1 Single vs. Multiple Scattering . . . . ... ... .......
8.4 Dipole Approximation . . . . . . . ... ... ...
8.4.1 Determining Physical Material Parameters . . . . . ... ..
8.5 Hierarchical Model for Multiple Scattering . . . ... ... .....
8.5.1 Discretization of Light Transport . . . . . . . ... ... ...
8.5.2 Modulation of Smooth Hierarchy Levels . . . . . . . ... ..
8.6 DISCO Acquisition System . . . . . . . ... ... ... .......
8.6.1 AcquisitionResults . . . . . ... ... L.

9 Transparent and Specular Materials, Environment Matting

9.1 Introduction . . . . . . .. . .. ...

9.2 The Environment matting equation . . . . . . ... ... .......

9.3 Activeapproaches . . . . . . ... ...
9.3.1 Hierarchical environment matting (HEM) . . . . .. ... ..
9.3.2 Real-time environment matting (RTEM) . . . . .. ... ...
9.3.3 Gaussian environment matting (GEM) . . . . . .. ... ...
9.3.4 Frequency-based environment matting (FBEM) . . . . . . ..
9.3.5 Wavelet environment matting (WEM) . . . . ... ... ...

9.4 Passiveapproaches . . . . . ... ... ... ... ...
9.4.1 Image-based environment matting IBEM) . . ... ... ..
9.4.2 Refractive optical flow environment matting (ROEM)

9.5 Conclusion . . ... ... ... e

10 Fibers
10.1 Radiometry . . . . . . . . .. ... e
11 Bidirectional Texture Functions

11.1 Introduction . . . . . . . . . .. . oo i

11.2 Measurement . . . . . . . . . oo it e e e
11.2.1 Gonioreflectometer-like Setups . . . . . . . ... ... .. ..
11.2.2 Using Video Cameras . . . . . . ... ... ... ......
11.2.3 Using Mirrors . . . . . . . . . . . v v it e
11.2.4 CameraarrayS . . . . . . . . o v v v v v it
11.2.5 Details of setup at University of Bonn . . . . . ... .. ...

11.3 Compression . . . . . . v v v vt e e e e e e e
11.3.1 Analytical BRDF-Models . . . ... ... ..........
11.3.2 Linear Basis Decomposition . . . . ... ... ... .....
11.3.3 Discussion . . . . . ... ...



SIGGRAPH 2005 Course Realistic Materials in Computer Graphics

11.4 Rendering . . . . . . . . . . o e e 103
11.4.1 Interactive Rendering of BTFs with Point Lights . . . . . . ... ... .. .. 104

11.4.2 Combining BTFs and Precomputed Radiance Transfer . . . . ... ... ... 107

11.43 Discussion . . . . . .. ... 109

12 Reflectance Fields 111
12.1 Introduction . . . . . . . . . . L e e 111
12.2 LightStage land Faces . . . . . . . . . . . .. .. ... 113
12.3 Light Stage 2 and Facial Animation . . . . . . .. ... .. ... ... ........ 114
12.4 Image-Based 3D Photography using Opacity Hulls . . . . . ... ... ... .. ... 114
12.5 Relighting with 4D Incident Light Fields . . . . . . . ... ... ... ... ...... 115
12.6 Summary . . . . . .. e e e e e e 116
Bibliography 117
IT Annotated Bibliography 133
13 Introduction of the Annotated Bibliography 135
General References 135
BRDFs 137
Spatially Varying BRDFs 141
Translucent Materials, BSSRDFs 146
Transparent and Specular Materials, Environment Matting 148
Fibers 150
BTFs 151
Reflectance Fields 153
III Presenters’ Slides 157

10



Part I

Course Notes

11






Chapter 2

Introduction
Hendrik P. A. Lensch

The appearance of materials play a very impor-
tant role in our everyday live. Based on its appear-
ance, that is, based on the way an object looks like
we try to deduce what materials an object consists
of. This has a number of consequences with re-
gard to how we might interact with the object, what
the object might be used for, or it tells us some-
thing about its mechanical properties [Adelson01].
Even the subjective value or the age of an object
are often estimated based on its appearance. For
example, velvety objects or surfaces with a specific
shine tend to be more precious. In art, design and
architecture different materials or colors are care-
fully composed in order to create a very specific
look, to create a specific effect or atmosphere.

Because of all these reasons, materials and their
appearance are of increasing interest to computer
graphics. After highly advanced physics-based
rendering algorithms have been developed in the
last decade the limiting factor in performing photo-
realistic or predictive rendering is nowadays the
accuracy of the scene description, specifically the
material properties. Lack of accuracy or missing
detail in the provided model will result in uncon-
vincing images even with sophisticated rendering.
One way to obtain highly detailed and realistic
models is to resort to skilled artistry.

An alternative approach to create realistic mate-
rials is to capture the appearance of real world sur-

faces and objects. The field of estimating models
from observations has its roots in computer vision.
In the last decade, the requirements of computer
graphics applications pushed the field towards the
acquisition of high-quality appearance models.

The digitization of real word materials and ob-
jects is of importance not only to image synthe-
sis applications, such as film production or com-
puter games, but also to a number of other appli-
cations, such as e-commerce, education, digital li-
braries, cultural heritage, and so forth. The spe-
cific applications may range from presenting and
preserving a digital copy of a real world original
in a synthetic environment, over creating material
data bases for adding a realistic look to synthetic
geometry models, to advanced analysis where ad-
ditional information is derived from the captured
appearance data to enhance and investigate surface
features or to perform material classification.

The focus of this course is on the acquisition
of appearance of objects and surfaces: That is
to faithfully capture the objects’ reflection prop-
erties including the subtle details of the surface
texture. With this data at hand the object can be
rendered in arbitrary virtual environments, exactly
resembling the way the original object would ap-
pear, as demonstrated in Figure 2.1. For arbi-
trary (non-fluorescent, non-phosphorescent) mate-
rials, the reflection properties can be described by

13
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(b)

(d)

Figure 2.1: Digitized Bronze Bust. A realistic model of the original bust (a) is digitized by its 3D
geometry (b). Acquiring also the reflection properties the appearance can be reproduced (c) even for

novel view and lighting directions (d).

the 8D reflectance field of the surface, also called
BSSRDF. Since densely sampling an 8D function
is currently not practical various acquisition meth-
ods have been proposed which reduce the number
of dimensions by restricting the acquisition to spe-
cific classes of materials. In addition, the density
in each sampling dimension is chosen to meet the
properties of the specific materials, to achieve fur-
ther speedup in the acquisition, and to reduce the
amount of captured data. The acquisition is most
often followed by a data modeling step which al-
lows for interpolation of missing values, further
reduces the storage cost, and depends on the en-
visioned class of materials as well. In this course
we will give an overview over the field of measur-
ing the reflection properties of different classes of
objects targeted to the specific needs of computer
graphics applications.

After a short introduction explaining some fun-
damental concepts regarding measuring and rep-
resenting reflection properties (Chapter 3) and a
taxonomy of appearance acquisition algorithms
(Chapter 4), basics of data acquisition from pho-
tographs will be addressed in Chapter 5. The
course presents a set of current state-of-the-art
algorithms for acquiring and modeling specific

types of materials, such as homogeneous, isotropic
materials (Chapter 6), spatially varying materi-
als (Chapter 7), translucent materials (Chapter 8),
mirroring or transparent surfaces (Chapter 9), and
fibers (Chapter 10). These chapters are followed
by slightly more general approaches consider-
ing surfaces with complex meso-structure (Chap-
ter 11), or full objects (Chapter 12). The course
investigates the strengths and limitations of each
technique and highlights their common features as
well as their conceptual differences.

14



Chapter 3

Background
Hendrik P. A. Lensch

In this chapter we briefly review the physical
principles related to light transport, summarize for-
ward and inverse rendering problems, and then
list and characterize the different phenomena ob-
served when light interacts with matter. A de-
tailed overview of light transport and light/surface
interactions can be found in a review by Glass-
ner [Glassner95].

3.1 Radiometry

In optics several models have been developed to
describe the physics of light. A detailed in-
troduction to optics can be found in Born and
Wolf [Born93]. Some visual effects can be ex-
plained more easily by one model than by the oth-
ers. In particle optics, light is modeled as a flow
of photons each carrying a specific amount of en-
ergy. The distribution of energy can be simu-
lated by shooting a number of photons from a light
source and tracing them through the environment.
In wave optics light is interpreted as electromag-
netic waves, which allows to describe effects such
as diffraction, interference, polarization. That is
why wave optics are of importance when model-
ing the interaction of light with matter.

The energy transport that is simulated in com-
puter graphics is often modeled using ray optics
where light with a specific power spectrum travels

along independent rays. Since there is no explicit
interaction between the different light rays, effects
like diffraction, interference, and polarization are
hard to simulate. To some extent they are incorpo-
rated into the reflection model (see below). Oth-
erwise interaction of light with matter is modeled
purely geometrically, determining only the direc-
tion of the outgoing rays and the transported en-

ergy.
3.2 Radiometric Terms

At first we define the physical quantities that can
be used to describe radiant energy transport.

Radiant Energy () is the basic unit of radiometry.
measured in Joule [J].

Radiant Flux is the energy per time or power of

radiation. It is denoted ® and its unit is
Watt [IV].
dQ
d=—. 3.1
7 (3.1

Radiance is denoted L and is measured in
[W/m?2sr]. Tt is defined as the radiant energy
traveling at some point in a given direction,
per projected unit area in this direction, per
unit time, per unit solid angle. Radiance can

15
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dw

- °l° -

dA r

Figure 3.1: Geometrical properties of radiance.

be expressed by the radiant flux:

d*®
cos OdwdA

where 6 denotes the angle between the sur-
face normal at point Z and the direction w.
The underlying geometry is depicted in Fig-
ure 3.1(left).

Radiance has one property that is very im-
portant in the context of computer graphics.
It remains constant along one ray in vacuum
(and approximately in air). This is demon-
strated with the help of Figure 3.1(right)
where two small parallel patches dA; and
dAs are shown. Radiation emitted from dA;
in direction dAy will be completely received
by dAs as long as it is not absorbed in be-
tween. Because of this we get

L(Z,0) = (3.2)

lewldAl = L2dw2dA2. (33)

The solid angles dw; and dws for this trans-
port are given as
1

dA dA
doy = —52 and dws = —5. (3.4)
r r

Radiant flux area density is the total radiant en-

ergy falling on or leaving a surface point, per
unit area. The unit of this quantity is [W/m?].
Usually the incident total radiant energy (ir-
radiance) is denoted F, whereas the emitted
total energy is denoted B (radiosity) or (radi-
ant exitance). They can be expressed in terms
of radiance for opaque media as follows:

o dPy oo o
E@) = 1= /Q+ L;(%,&;) cos 0;dus3.5)
0]
B(f) = il :/ Lo(fv‘bo> cos 0;di3.6)
dA Q-+

integrating the incident/outgoing radiance
over O, the set of all directions in the hemi-
sphere covering the surface at point Z.

The quantity, that is observed in each pixel
when an image of a scene is taken, is the ir-
radiance integrated over the pixel’s field of
view. This is closely related to the radiance
reflected by the surface point visible in this
pixel. Speaking of pixels as a point sample
means observing radiance.

Intensity is the quantity describing the flux arriv-

ing or leaving with respect to a solid angle in-
stead of an area. It is measured in [W/sr]:
1= @
dw
Point light sources are often described by
their intensity. If a point light irradiates uni-
formly into all directions the intensity is [ =
® /4 sr. The incoming radiance L; at a point
at distance r from the point light source is
thus given as

3.7)

I
Li=

=3 (3.8)

With these quantities we are able to describe the
relationship between the radiant energy arriving at

Inserting this into Equation 3.3 then yields )
and leaving a surface.

Ly = Ly. These properties of radiance de-
scribe that light will not be attenuated when
traveling through unoccluded space. Thus,in 3,3 The Rendering Equation

order to render a scene it is sufficient to know

the radiance in the direction of the viewer at Given a scene description consisting of the geom-
each visible surface point. etry, the reflection properties and a specification of

16
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the light sources one can simulate the light distri-
bution within an environment. Kajiya [Kajiya86]
formulated the rendering equation as an energy
equilibrium in a scene of arbitrary opaque surfaces:

o7, A(g))
/ (@

It is an integral equation over the surfaces S,
with the following definitions for the other quan-
tities: [(9) is the normalized light direction from &
to %/ in world coordinates; L. (Z,7(9)) is the radi-
ance emitted from the surface at point & into the
global viewing direction ©(9) and is only relevant
for light sources. f,(Z, I, 0) stands for the reflec-
tion properties of the surface (further explained in
the next sections) at point Z, that is the fraction of
radiance incident from direction  that will be re-
flected in the outgoing direction . Both directions
have to be specified in the point’s local coordinate
system spanned by the surface normal n, the tan-
gent and bi-normal. The formula also includes the
visibility V' (Z, ¢) whose range is between 0 (¥ is
not at all visible from &) and 1 (there is no oc-
cluder). G(Z,7) refers to the geometrical proper-
ties of the energy transport between & and ¢/, see
Figure 3.2:

Le(Z,99) +
G(&

Y

cos 0, cos 0,

1 — 412

G(Z,9) =

The integral in Equation 3.10 accounts for both
direct illumination where the point Z is illumi-
nated directly by a light source and for indirect il-
lumination since the incident radiance L; incorpo-
rates light reflected by other surfaces in the scene.
A slightly different formulation of the rendering
equation concentrates more on the incident illumi-
nation at one point from the upper hemisphere QF
and drops the direct relationship to other surfaces:

(3.10)

Lo(7,89) = Lo(7,99) +/ L @ L0 L@ 19 - 19)al
Q
@B.11)

In this equation visibility is included implicitly
since the radiance L; impinging from one direction
stems from the first surface that is visible in this

3.9)
7)-VI(Z,7) - Lo(7,19)dA,

17

Figure 3.2: Geometrical properties of the energy
transport

direction. Dropping the emitting term L. (&, 5(9))
one ends up with the so called reflectance equation.

Based on Equation 3.10 a number of algorithms
have been proposed to solve for global illumina-
tion, i.e., accounting for indirect illumination and
other global effects. They can be grouped into two
main categories:

Finite element methods subdivide the sur-
faces in the scene into patches (elements) and
simulate the energy transport between sending
and receiving patches. Representatives for fi-
nite element methods are for example radios-
ity [Heckbert92, Cohen93, Sillion94], or hierarchi-
cal radiosity [Hanrahan89] which solve the equa-
tion for diffuse surfaces only. Extensions of the
radiosity method to work with glossy surfaces can
be found in [Immel86, Cohen93].

Another class are so called Monte Carlo algo-
rithms where basically a large number of rays is
traced through the scene. The direction of the rays
is derived from stochastical distributions imposed
for example by the type of light source, the BRDF
or other information like importance. Exam-
ples are distribution ray tracing [Cook84], bidirec-
tional path tracing [Lafortune93], density estima-
tion [Shirley95] and photon mapping [Jensen96].

Environment Maps

A simplistic approach to render an object in an en-
vironment is to use an environment map [Blinn76]
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representing fixed incident illumination Ly, (1 (9) ).
The environment is assumed to be at infinity and
there is no light emitted or reflected by the object
into the environment. Additionally, interreflections
accounting for the energy exchange within the ob-
ject itself are typically ignored:

Lo@ o) = [ @10V (@ 19) Leny ()0 {)al G2
Q

The infinity assumption allows us to parameterize
the incident radiance by the incident direction only.
As a consequence parallax effects, where the inci-
dent light changes with the position on the surface,
cannot be represented using a single environment
map. We may however include a visibility term
V(Z,119) accounting for self-shadowing or shad-
owing by other nearby objects.

Environment maps without shadowing have
been successfully applied in hardware-accelerated
algorithms to render mirror reflections on sur-
faces. In the case of a perfect mirror the in-
tegral in Equation 3.12 is reduced to a lookup
of the radiance incident from the mirror direc-
tion. For some glossy BRDFs it has been shown
that Equation 3.12 can be precomputed for all
outgoing directions resulting in prefiltered en-
vironment map [Miller84, Greene86, Cabral99,
Heidrich99a, KautzOOa, Latta02, McAllister02].
Ramamoorthi and Hanrahan [RamamoorthiOla,
Ramamoorthi02a] have demonstrated how the in-
tegral can be solved efficiently for the case of a
diffuse surface using spherical harmonics.

Point Light Sources

The evaluation of the rendering equation is further
simplified if besides of ignoring interreflections, all
light sources are restricted to be point light sources.

In this case the so-called local illumination is eval-
uated as

Lo(@09) = 3 fo(@.1;, )V (2. 19) -
j=0

i—;(ﬁ-if)), (3.13)
J
where I; is the intensity of the j-th point light

and 7"32 is the squared distance from & to the light
source.

3.4 Inverse Rendering

The rendering equation is most often used for syn-
thesis of images of a correctly illuminated scene
based on a complete description of the scene in-
cluding the scene geometry, the definition of light
sources, and a description of the reflection prop-
erties at the surface. The process may however
be reverted: given a number of correct input im-
ages Lgpserved, derive the scene description, given
as &, n, L;, f., or parts of it based on the observa-
tions. This general process is called inverse render-
ing, and it can be roughly partitioned into three dif-
ferent categories. Each of the following categories
can be characterized using the rendering equation
since their solutions minimizes the error over all
visible surface points between the observed radi-
ance and the simulated radiance based on the scene
description:

(3.14)

E(:a {)) Lobserved(fv ﬁ) -

/ Fo(@,0,) Li(7,19) (5 - 19)di.
O+

Photometric Stereo/Shape from Shading

The reconstruction of geometry from a number of
photographs with known incident lighting is re-
ferred to as photometric stereo. It is a problem ex-
tensively investigated in the context of computer
vision through the last decades [Woodham8l,
Horn86]. The geometry & is reconstructed by ad-
justing the normals 7 per pixel such that the shaded
surface matches the input images. More precisely,
photometric stereo yields partial spatial derivatives
which are integrated to obtain a smooth surface.
Frequently, the reconstructed surface is assumed to
be diffuse, and lit by a point light source from sev-
eral positions. Photometric stereo has also been ap-
plied to more complex reflection properties using
reflectance maps [Tagare91, Nayar90, Klette98,
Lin99]. The special case, where geometry is in-
ferred from a single images is known as shape from
shading.
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Inverse Lighting

Another branch in the field of inverse render-
ing tries to recover the incident illumination
L; from observations. Inverse lighting recov-
ers the intensity and/or position of discrete light
sources [Schoeneman93, Kawai93] or tries to de-
termine the incident light field from a distant
environment with the same assumptions made
in the case of environment maps [Marschner98,
Marschner97, Nishino0O1, RamamoorthiO1b].

Inverse Reflectometry

In inverse reflectometry the goal is to measure the
reflection properties f,- of the surfaces in the scene
based on given geometry and lighting. All the
problems solved in this course are centered around
inverse reflectometry.

These three inverse problems are not necessar-
ily treated separately. There are cases where more
than one part of the scene description is unknown.
Nishino et al. [NishinoO1] and Ramamoorthi and
Hanrahan [RamamoorthiO1b] reconstructed both
the material properties and the incident lighting at
the same time for a given geometric model.

3.5 Interaction of Light with
Matter

In order to simulate light interacting with surfaces
or to measure their appearance one has to represent
the surfaces’ reflective properties. A taxonomy of
object appearance descriptions with different lev-
els of abstraction is shown in Figure 3.3. The tax-
onomy is adapted from [Rusinkiewicz00].

In the most general case when light interacts
with matter there is one photon striking the surface
and one photon leaving the surface:

(x7y707 ¢7t7 )‘)’Ln -
(T4, @is ti, Ni)  —

(x7y797¢7t7 A)ou{;, or
(gova}o’to;)\o) (315)

Since each photon is described by six parame-
ters (the position on the surface (x,y), the inci-
dent/outgoing direction (6, ¢), the time of interac-
tion ¢ and a specific wavelength X), a 12D function
is necessary to describe the general case.

To simplify this function one may drop the de-
pendency on time assuming a constant appearance
and ignoring the effect of phosphorescence. The
photon is reflected instantaneously. A second sim-
plification treats each wavelength independently
assuming there is no fluorescence. The interac-
tion with the material does not effect the wave-
length of the photon. We obtain the generalized
9D scattering function. The discretization of the
wavelength into bands saves another dimension,
for example by representing only three color bands
red, green, and blue. This eight dimensional func-
tion is also called bidirectional scattering surface
distribution function (BSSRDF), see Nicodemus et
al. [Nicodemus77].

Two different simplifications can be made to ob-
tain a 6D function. If the effect of subsurface scat-
tering is ignored, light is entering and leaving the
surface at exactly the same position resulting in a
spatially varying bidirectional reflectance distribu-
tion function (BRDF). The other simplification as-
sumes a homogeneous material resulting in a six-
dimensional BSSRDF.

Applying both simplifications yields a homoge-
neous BRDF parameterized by four dimensions.
Restricting the reflections to be independent from
rotations about the surface normal further elim-
inates one dimension. In traditional appearance
measurement [Hunter87] qualitative measures of
the reflection properties are sometimes represented
by a one-dimensional slice through the 4D BRDF
or by a small set of BRDF samples at specific inci-
dent and outgoing directions.

3.5.1 Gloss

A very restrictive approach is to represent the ap-
pearance only by the gloss measured for a surface.
A lot of research in the field of appearance mea-
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General Function- 12D

Ignore time dependency (no phosphorescence)
Assume independent wavelength (no fluorescence)

Scattering Function - 9D

Discretize wavelength (RGB)

Bidirectional Scattering Surface Distribution Function (BSSRDF) - 8D

Ignore SubsurfaCV Wﬁar homogeneous material

Bidirectional Reflectance Distribution Function
(Spatially Varying BRDF) - 6D Homogeneous BSSRDEF - 6D

Assume homogeneousmaterl\ erface scattering
Homogeneous BRDF - 4D

Assume isotropy

\
Isotropic BRDF - 3D

Assume gloss model

\/
Gloss - 1D or 0D

Figure 3.3: Taxonomy of appearance representation adapted from [Rusinkiewicz00]. The dimension

of the most general description of light interacting with matter is reduced by adding more and more
assumptions resulting in manageable functions like the BRDF.
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Figure 3.4: Measurements of Gloss. Different
kinds of gloss are measured as the reflected radi-
ance at specific incident and outgoing directions.

surement has been focused on the measurement
and classification of individual materials for qual-
ity control and specification purposes — mostly in
industrial applications. A lot of measures for indi-
vidual aspects of surfaces have been derived and
corresponding measurement tools have been de-
veloped. Due to their focus on single materials
and specialized measurement devices these tech-
niques are however not applicable to the acquisi-
tion of whole objects with varying surface proper-
ties. Hunter and Harold [Hunter87] present a de-
tailed overview in this field.

Gloss is a qualitative measure to describe the
specular appearance of a homogeneous material.
Hunter and Harold distinguish several types of
gloss, expressing different visual effects.

Specular gloss is measured for the exact mirror
direction.

Sheen measures the shininess at grazing angles.

Contrast gloss or luster is a relative measure be-
tween specular reflecting areas and other ar-
eas.

Bloom and haze describe the milky appearance,
adjacent to specular reflections.

Distinctness-of-image gloss measures the sharp-
ness of mirror images, relevant for high-gloss

surfaces.

In addition to the gloss one may express the dif-
fuseness of a high-gloss surface by a measure-
ment far of the mirror direction. Measurements
of gloss are taken at specific incident and outgo-
ing angles with respect to the surface normal, and
many different measurement setups have been pro-
posed (see [Hunter87]). One example set of spe-
cific angles is illustrated in Figure 3.4.

3.5.2 Bidirectional Reflectance Distribu-
tion Functions

A more complete model of the reflection proper-
ties of opaque surfaces is given by a bidirectional
reflection distribution function (BRDF), which de-
scribes how incident light is reflected off the sur-
face into all directions. The BRDF has the unit

[1/sr]:
L dL( @)
[r(@ 0 — @) = TE(E.0n) (3.16)
dLo(Z, &)

Li (l_", @)z) COS szwz .
It is defined as the quotient of the radiance L, leav-
ing the surface at point & in direction w, and the
irradiance arriving at & from direction w;. Since
only reflections are described by this function @;
and w, are directions within the same hemisphere
above the surface.

In general, the BRDF is a 6D function: Two di-
mensions fix the location on the surface, represent-
ing spatially varying BRDFs. Homogeneous ma-
terials can be described by a 4D function f,(&; —
@,). Four dimensions are required to represent the
incident and outgoing directions. They may be pa-
rameterized as @; = (0;,¢;) and @, = (0,, o),
respectively. In the case of isotropic materials
the BRDF actually simplifies to a 5D function
fr(Z,6;,0,, 00 — ¢i). Quite often spatial variation
is implicitly assumed and the alternative writing
fr (&, &,) is used even for isotropic materials.

In addition to the BRDF which only describes
reflections, one must consider the bidirectional
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transmission distribution function (BTDF) f; to
simulate transparent media. The BTDF is simi-
lar to the BRDF but only considers radiance trans-
mitted through the surface. Combining both func-
tions forms the bidirectional scattering distribu-
tion function (BSDF), simply f, which of course
is a function of all possible directions in the sur-
rounding sphere; rather than just the hemisphere
Q.

Both the BRDF and the BSDF make the assump-
tion that the reflected/transmitted light leaves the
surface at exactly the same point where the inci-
dent light arrives. This is not true for surfaces that
exhibit subsurface scattering. Depending on the
scattering coefficients and on the scale the BRDF
may however be a valid approximation to describe
subsurface scattering materials. For highly translu-
cent materials the eight-dimensional bidirectional
subsurface scattering distribution function (BSS-
RDF) has to be used. It explicitly models the scat-
tering based on different locations for the point of
incidence and the point where the light leaves the
surface.

3.5.3 Physical Properties

In order to be physically plausible a BRDF
must fulfill two important constraints: the
Helmholtz reciprocity and energy conservation
[Beckmann63]. Some of the effects described by
a BRDF or BSDF are implicitly given by the fol-
lowing three principles: reflection at planar sur-
faces, Snell’s law that determines the direction of
refracted light and the Fresnel formulae which de-
termine the amount of energy that will be reflected
or refracted respectively.

Helmholtz reciprocity

Helmholtz [v. Helmholtz25] stated that the role of
incident and reflected energy may be reversed. If
a photon incident from w; is reflected or scattered
into direction w, with some probability, the same
probability holds for a photon incident from w, re-

flected into direction @;. One may swap incident
and outgoing direction and still obtain the same
value of the BRDF:

(3.17)

f?“(xﬂ:‘\)i - (‘DO) = f’r‘(‘r7d)0 - (‘DZ)

Energy Conservation

The reflection at a surface must always be en-
ergy conserving since real physical materials never
propagate more light than they receive, but may

well dissipate some energy:
fr(x,0; — @) cos Bidw, <1 (3.19
O+

vV @ €Q.

Snell’s Law

Figure 3.5: Light ray reflection and refraction at an
ideally smooth surface.

Snell’s law determines the direction of a wave or
aray that is refracted after penetrating the interface
between two transparent media with different opti-
cal densities. When light travels through a medium
denser than vacuum, its velocity decreases. For a
specific material the index of refraction n(\) de-
notes the quotient of speed of light in vacuum c
and the speed of light in this medium v, depend-
ing on wavelength A:

(3.19)
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Figure 3.5 depicts how a ray of light traveling
along direction ¢ hits a surface that separates two
materials with indices of refraction n; and n;. The
incident ray results in two new rays: a reflected
one in direction + and a transmitted one in direc-
tion f. Assuming a perfectly smooth surface, all
three rays are in the same plane. The direction of
the reflected ray is easily computed:
F=2<i|@>—i (3.20)
In order to compute the direction of the refracted
ray, the angle 6; between this ray and the surface
normal can be derived from the incident angle 6;
by Snell’s law:
ni(A) sin@; = ny(\) sin 6;. (3.21)
With this angle it is possible to calculate the direc-
tion ¢ (see [Glassner95]):

L <& cos 0; — cos 9t> . (3.22)

n

The Fresnel Formulae

Since the incoming ray results in a reflected and a
transmitted component on a surface of a transpar-
ent medium it is important to know how the en-
ergy is split between them. To describe this, the
reflectance p is defined as the ratio of reflected flux
to incoming flux. The transmittance or transmis-
sion T denotes the ratio of transmitted to incoming
flux.

d®,

B _dPy
A

A4,

p and T (3.23)

A third quantity that must be considered for this in-
teraction is the absorption o which is the fraction
of flux that is absorbed by the surface. Because we
do not consider emitting surfaces, the three quanti-
ties always sumupto 1: p+ 7+ a = 1.

Fresnel formulae can be used to compute p and 7
for given angles 6; and 6;. These formulae specify
the ratios of the reflected or transmitted amplitude

to the incoming amplitude of a polarized electri-
cal field (see [Born93, Glassner95, Heidrich99b]).
Let 7+ and r/l be the reflected amplitude ratios of
the field perpendicular and parallel to the plane
spanned by i and 7. Accordingly, t- and t!l denote
the ratios of the transmitted amplitudes. Those can
be calculated as

1 nq cos B; — ng cos b
= 3.24
" nq cos 0; + na cos 6’ (3.24)
| _ macos 0; — nq cos 0, 395
" ng cos 0; + ny cos b’ (3.25)

2n1 cos b;

tt = 3.26
n1 cos 0; + no cos by ( )
A 2n1 cos b; (3.27)

ng cos 0; + nycos by

Because p and 7 are ratios of radiant flux, they are
proportional to the square of the amplitude of the
electrical fields 7+, rl .t and tI. In order to obtain
p and 7 for unpolarized light we have to average
the perpendicular and the parallel part:

() + (o1

po= 5 and (3.28)
ARy 2
oo ngcost; (t7)*+ (") (3.29)
11 cos 0y 2
= l—-p—oa.

In Figure 3.6 the reflectance off a surface be-
tween air and glass and the transmittance from
glass to air is plotted. Note that when light trav-
els trough a material n; and hits a surface of some
medium with lower index ny (n1 > na), like from
glass to air, the transmittance 7 will be zero if the
incident angle 6; exceeds the critical angle 6. This
critical angle is defined as the angle where the in-
cident ray will be refracted in a direction parallel
to the surface. Thus it is given by:

nq sin 6. = ng sin E, thatis 6. = arcsin E.
2 N2

(3.30)

For angles greater than 6. there will be no re-

fracted ray and all energy will be transported by
the reflected ray.
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Figure 3.6: Reflectance p and transmittance 7, determined by Fresnel’s formulae at a surface that sepa-
rates air (n ~ 1) and glass (n = 1.5). The critical angle is 6, ~ 0.73.

Fresnel’s formulae are able to describe why
more light is reflected for larger viewing angles.
At grazing angles less energy is refracted while the
reflected portion increases. Since this effect can
be observed at many surfaces a Fresnel factor is
included into some BRDF reflectance models (see
Section 3.7). For more efficient evaluation Schlick
et al. [Schlick94] propose to use the simpler ap-
proximation based on the spectral distribution f)
of the Fresnel factor at normal incidence, corre-
sponding to the reflected color of white light. It
is expressed with respect to the halfway vector h
between the viewing and lighting direction:

Fa(h-0) = fr+ (1= f)0 = (h-9))° (331

3.6 Reflection Properties

While the BRDF is a general way to represent
the reflection properties of opaque surfaces, we
classify the different properties and list phenom-
ena commonly observed. The reflection proper-
ties depend on the materials the object is made
of (e.g, metal vs. plastic), on the surface struc-

ture (e.g, rough vs. polished), and on whether
they are homogeneous or heterogeneous. These at-
tributes form three almost orthogonal classification
schemes. Figure 3.8 demonstrates the appearance
various different materials.

3.6.1 Materials

According to Hunter and Harold [Hunter87] ob-
jects may be classified into four groups based
on the dominant way incident light is distributed,
while the other ways may be present as well:

material

opaque nonmetals
metallic surfaces
translucent objects
transparent objects

‘ dominant distribution
diffuse reflection
specular reflection
diffuse transmission
regular transmission

Surface Reflections

At opaque surfaces light is reflected directly at the
surface. Examples for opaque materials are met-
als, chalk, and to some extent wood and plastic.
There is no significant amount of light penetrating
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Figure 3.7: Qualitative description of reflection at opaque surfaces

an opaque surface. A light beam illuminating an
opaque surface from one direction is partially ab-
sorbed and the rest is reflected and scattered at the
surface and distributed into many outgoing direc-
tions. One may think of the scattered distribution
as composed by three qualitatively different com-
ponents.

Diffuse reflections. Some portion of light is
scattered equally into all directions (Figure 3.7a)
independent on the incident direction. This dif-
fuse or Lambertian [Lambert60] reflection is view-
independent, i.e., the illuminated surface looks the
same for any viewing direction. An almost per-
fectly diffuse material is chalk.

Specular reflections. Many other materi-
als exhibit additional view-dependent reflections.
Highly polished or varnished surfaces show mirror
or specular reflections (Figure 3.7b).

Glossy reflections. If the surface is not perfectly
smooth, light will be scattered around the mir-
ror direction, called glossy reflection (Figure 3.7c¢).
The roughness of the surface determines how
broad a glossy highlight will appear. In the com-
puter graphics literature the term specular is of-
ten used to describe the entire range of view-
dependent reflections including glossy reflections.
The shape of the directional distribution of glossy
reflections lead to the term “specular lobe”.

One important optical effect of glossy reflec-
tions is that they increase towards grazing angles.
The ratio of reflected to refracted light across a pla-
nar surface drastically changes near grazing angles
as it is described by the Fresnel formulae (see Sec-

tion 3.5.3). As Marschner [Marschner98] pointed
out, this increase at glancing angles of incidence
also causes the phenomena of off-specular peaks.
Near grazing angles one can observe that more
light is reflected into a direction close to the mirror
direction rather than into the mirror direction itself.

While diffuse reflections typically alter the color
or frequency distribution of the incoming light,
this is not necessarily true for specular reflections.
Only metals cause colored highlights. Specular
reflections at normal nonmetallic materials (di-
electrics) typically reflect the color of the light
source.

Pigment Particles

Figure 3.9: Pigment Particles. Many surfaces
obtain their diffuse color from pigment particles.
Light is either reflected directly at the surface of
the embedding material causing a white highlight
or penetrates the surface and is diffused and filtered
by the particles.
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(a) (b) (©
(a) Diffuse Reflection. No view-depedent highlight is visible. (b) Mirror Reflection. A clear image of

the light source is reflected. (c) Glossy Reflection. An extended highlight region caused by a glossy
surface.

(d) Layered Materials. A layer (e—f) Anisotropic Reflections. The shape of highlights caused by
of varnish drastically changes anisotropic materials change when the surface is rotated around
the reflection properties. around the surface normal.

i e EORmETET L. voteepe™ 10y

(g) Subsurface Scattering. (h—i) Volumetric Structures. Volumetric representations are required

Light is shining through to model the appearance caused by highly complex geometry.
translucent alabaster.

Figure 3.8: The appearance of surfaces depends on the material and on the surface structure. In (a—f)

camera and light source are at approximately the same position with respect to the surface.
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A set of materials is composed by a supporting
substrate into which colored pigment particles are
embedded. The substrate forms the actual surface
causing specular reflection (with white highlights).
The amount of light that is reflected directly at the
surface depends on the smoothness of the surface,
the refractive index of the material and the angle
at which the beam strikes the surface (see Fres-
nel’s formulae). The refracted ray changes its di-
rection due to Snell’s law and then encounters the
surfaces of the pigmented particles where the light
is again partially reflected and refracted. The nu-
merous interactions with the particles produce an
isotropic distribution of scattered light resulting in
diffuse reflection. The pigments determine the dif-
fuse color of the material acting as a filter on light
that penetrates the pigments. The process of dif-
fusing the light is called subsurface scattering.

Many colored plastics are composed this way
and the pigments are typically at microscopic
scale, too small to be distinguished. In car paint
often larger particles are included, for example to
obtain a slightly heterogeneous metallic look.

If the scattering of light within the material is re-
stricted to a sufficiently small region with respect
to the scale of the object, materials with pigment
particles may still be observed as opaque surfaces
and the representation using a BRDF is valid. Oth-
erwise, they need to be described in terms of a
BSSRDFE.

Translucent/Transparent Materials

A class of materials, which is similar to pig-
mented materials are translucent materials. How-
ever, the light path through the material is much
longer in translucent materials. This results in the
point of incidence and the exit point being signifi-
cantly separated (see Figure 3.10). Light is shining
through a translucent object diffusing the incident
light. Many natural materials are translucent, e.g.,
skin, flesh, milk, fruit, or vegetables. The appear-
ance of materials with significant subsurface scat-
tering and appropriate rendering algorithms have

Figure 3.10: Subsurface Scattering. For translu-
cent materials light penetrates the surface and is
scattered (multiple times) inside the material be-
fore it leaves the material probably at some other
position.

been investigated in [Hanrahan93, Koenderink96b,
KoenderinkO1, JensenO1, Lensch02b].

If no scattering takes place or the number of
scattering events is negligible we have a transpar-
ent material. The refracted light is directly trans-
mitted through the object, as for example by glass.

Layered Materials

e

T

Figure 3.11: Layered Materials. The appearance
of layered materials is determined by the reflection
properties at the different surfaces.

As the name suggests, layered materials consists
of layers of different materials. Materials formed
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by multiple layers show additional effects if at least
the top level is partially translucent. Typical exam-
ples are coated surfaces, like varnished wood or
a thin film of oil on skin. In a simple case the
varnish seals a rough surface and produces more
glossy reflections. One may think of combining
the two kinds of reflections as illustrated in Fig-
ure 3.11. The overall appearance is influenced by
the optical properties of the layers, their thickness
and the roughness of the interfaces. Depending
on the thickness of the layers interferences are no-
ticeable amplifying or damping particular wave-
lengths, e.g., on an oily water surface.

3.6.2 Surface Structure

The second classification is on the surface struc-
ture. Besides the material itself, the directional dis-
tribution of the reflected light is also dependent on
the structure of the surface. A smoother surface
results in sharper highlights than a rough surface.
The surface structure may influence the diffuse re-
flectance, but its main influence is on the specular
reflections.

Microfacets

The structure of many rough surfaces can be de-
scribed as a collection of a large number of so-
called microfacets which are too small to be re-
solved (see Figure 3.12). Each microfacet acts as
a mirror and may possess an arbitrary orientation.
Given an incident light direction, the reflected ra-
diance in any direction is proportional to the num-
ber of microfacets in a mirroring orientation, i.e.,
to the number of microfacets that are oriented such
that the outgoing direction is the mirrored incident
direction. They must be oriented in the direction
of the halfway vector h between the incident [ and
outgoing direction ¥: h = HT“ The distribution
of normals of the microfacets thus determines the
direction distribution of the reflected light. For a
continuous rough surface masking and shadowing
are important since not all microfacets are visible

or lit when looking at the surface from grazing an-
gles.

Anisotropy

If the distribution of microfacets shows a preferred
direction within the tangential plane of the surface
we obtain anisotropic reflection properties. For
anisotropic materials the reflection changes when
the surface is rotated around its normal, which is
in contrast to isotropic materials. The preferred di-
rection of a highlight is caused by oriented struc-
tures like grooves or bumps prolongated in one di-
rection. In this case, the reflection will be differ-
ent when the light shines perpendicular or parallel
to the preferred direction. The orientation of the
structures may be the result of processing the sur-
face, e.g., brushed metal, or the structures may be
due to a growth process, e.g., on wood.

Forward/Backward Scattering

(a) forward scattering (b) backward scattering

Figure 3.13: Some materials reflect most of the
light back into the direction of incidence

The direction of the specular lobe is for most
materials oriented roughly in the mirror direction.
When viewed from the top, the specular lobe is
forward oriented with respect to the lighting direc-
tion (forward scattering). There are however ma-
terials that are backward scattering. Most energy
is reflected back into the direction of the incom-
ing light by backward scattering materials (Fig-
ure 3.13d). Such reflection behavior is exhibited
by some porous surfaces or some crystal structures.
On a macroscopic level, backward scattering can
be observed in the eyes of some night active ani-
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(c) shadowing and masking

Figure 3.12: Microfacet Model. (a) A rough surface may be seen as composed by small mirroring
microfacets. (b) Incident illumination is scattered based on the normal distribution of the microfacets.
(c) Shadowed or occluded microfacets (black) do not contribute to the reflection.

mals. Some traffic signs and cinema screens have
a backward scattering layer to make better use of
the incident light.

3.6.3 Spatial Variation

In reality most surfaces are not perfectly homoge-
neous. Often different materials are involved, so
appearance varies across the surface. This is the
case for a painting or for wood, or patina sedi-
mented on weathered surfaces [Dorsey96]. Even
though an object may consist of a homogeneous
material the surface structure typically adds a spa-
tially varying reflection behavior, where subtle
changes are noticeable. Realistic appearance can
only be achieved if this spatial variation in the re-
flection properties is modeled.

Representing Surface Structure

Depending on the the resolution of the measure-
ments performed the surface structure may be in-
tegrated in the measured BRDF or has to be mod-
eled explicitly. Larger structures alter the surface
normal and add a specific appearance due to shad-
owing and masking. Depending on the size, they
may be seen and modeled as real surface geometry,
or with displacement maps. If they are smaller so
called normal or bump maps may be applied. With
normal maps, a curved surface is approximated by
a planar one and surface detail are represented by

| |
| |
| |
L 2R

Figure 3.14: Normal Map. The characteristic
shape of a curved surface is transformed into a nor-
mal map defined on a flat surface. At each texel the
original surface normal is stored.

a per-pixel normal which is used to evaluate the
shading at the surface (see Figure 3.14).

Volumetric Structures

So far we have assumed that there is a locally pla-
nar surface where the interaction of light with the
material takes place. The reflection properties of
many soft materials like textiles or fur are due to
a number of fibers or hair populating a volume
around the actual surface geometry. Self-occlusion
and shadowing are major issues concerning the ap-
pearance of those volumetric structures. Volumet-
ric structures are currently hard to model and re-
quire specialized algorithms for interactive render-
ing [Meyer98, Lengyel01, DaubertO1, Lensch02a,
Daubert02].
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3.6.4 Hierarchy of Detail

Surface structures can be identified at various lev-
els of detail. Fournier and Lalonde [FournierOO]
introduce a hierarchy of detail: If surface fea-
tures are too small to be individually resolved
from the current observation they are at the mi-
croscopic level. Their influence on the appear-
ance of an object is integrated into the BRDF.
At the mesoscopic level the structures are dis-
cernible but small enough to be represented by
bump maps [Koenderink96a]. The actual geomet-
ric shape of an object then forms the macroscopic
level. Depending on the distance of the observer
and the spatial sampling rate the boundaries be-
tween these three levels are floating.

Measuring the BRDF of an object from a larger
distance may integrate surface features, texture and
geometric structure, into the BRDE. The features
may be resolvable if the measurements are per-
formed from a closer distance, probably resulting
in a different BRDF. Thus all we will measure is
an apparent BRDF based on the observations with
a specific sampling density.

3.7 Representations of Reflection
Properties

Reflection properties of opaque surfaces are fully
described by their BRDFs. We will now list differ-
ent approaches to represent and to model BRDFs.
The BRDF models proposed range from raw sam-
pled data over representations using general func-
tions like spherical harmonics to explicit formulae
which resemble specific effects.

3.7.1 Tabulated BRDFs

The most straight forward representation of the
reflection properties is to store a BRDF sam-
ple for a discrete set of directions in tabu-
lated form [DeYoung97]. The necessary data
can be obtained from simulations [HeidrichOO]
or real measurements [Ward Larson92, Dana99,

Marschner99]. In order to evaluate the BRDF for
a given incident and outgoing direction, the tabu-
lated entries are interpolated. Problems arise in un-
dersampled regions of the 4D space of directions.
Tabulated BRDFs are very memory intensive and
are often used as intermediate data to derive a more
compact representation by fitting.

3.7.2 Factorization and Spherical Har-
monics

A general approach to reduce the data is to trans-
form it into a lower dimensional function space
by factorization. Kautz and McCool [Kautz99]
factorized the BRDF into a sum of one or two-
dimensional textures. The numerical decompo-
sition was further improved by McCool et al.
[McCool01]. Latta and Kolb even include the inci-
dent lighting into the factorization [Latta02].

Basis transformations into spherical harmonics
are suited to model smoothly varying data. Spher-
ical harmonics have been applied to represent
exit radiance [Sillion91] and BRDFs [Cabral87,
RamamoorthiO1b]. Since convolution of a
BRDF with the incident illumination can be
expressed by a simple dot product in spher-
ical harmonics they are particularly attractive
for interactive rendering algorithms, simulating
objects with complex BRDFs in complex en-
vironments [RamamoorthiOla, RamamoorthiO2a,
Sloan02, Kautz02].

3.7.3 BRDF Models

The most compact representation is by BRDF
models where the reflectance for a pair of direc-
tions is obtained by evaluating a formula depend-
ing on a small number of parameters. The re-
flection properties of a homogeneous material are
summarized by just one set of parameters. The pa-
rameters are either determined by fitting to mea-
sured data or they are adjusted manually in or-
der to approximate the desired material. In addi-
tion to their compactness BRDF models fitted to
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measured data provide a reasonable approximation
even for directions which have not been sampled
during the measurements.

Empirical Models

Empirical models are typically not physically mo-
tivated, but provide a class of functions that can
be used to approximate BRDFs. One of the
earlier lighting models in the field of computed
graphics has been proposed by Phong [Phong75]
which consists of a diffuse term and one specu-
lar lobe. Unfortunately, this empirical model is
neither energy conserving nor reciprocal and is
only well-suited to approximate plastic-like mate-
rials. Lewis corrected these problems [Lewis93]
and Blinn [Blinn77] adopted the model for more
realistic reflections. Here, we present the Blinn-
Phong Model [Blinn77] which computes the spec-
ular component based on the halfway vector h:

fO0) =24 L)V, (332

(7~ 1)

The reflection properties are modeled by three
parameters only: a diffuse coefficient p4, a specu-

lar coefficient p; and a specular exponent V.

A more expressive model based on the Phong
model has been presented by Lafortune et al.
[Lafortune97]. It can handle off-specular peaks,
backscattering and even anisotropy:

F(,0) = "7(1 + 3 [C0 i (leve) + Cy i (lyvy) + Csilava] Vil (333)

The specular part is formed by a combination
of several specular lobes. Anisotropy is achieved
by different values of C,; and Cy;. The lobe
is forward-reflective if C ; is negative and retro-
reflective if C ; is positive. The off-specularity of
the lobe is expressed by the ratio between C ; or
Cy’i and Oz,i'

Microfacet Models

Other models derive the specular part supposing
a distribution of microfacets forming the surface.
In the Torrance-Sparrow model [Torrance67] the
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specular component is influenced by the distri-
bution of normal directions of the microfacets.
The model further accounts for shadowing and
masking with respect to the normal distribution
function and includes a Fresnel term for off-
specularity. While the Torrance-Sparrow model
assumes a Gaussian distribution of microfacets,
Ashikhmin [Ashikhmin0O] derived a shadowing
and masking term for arbitrary distributions.

A model for anisotropic reflections has been
proposed by Ward [Ward Larson92]. He assumes
the normals to be distributed following an elliptical
Gaussian. It is an empirical BRDF model without
a shadowing term or a Fresnel term:

Pd 1 1

M)+ <Z_5>2 (3.34)

P 1+h-n

The anisotropy is indicated by different values for
o, and «, defined along the tangent ¢ and bi-
normal b at the surface point. Ward has shown
that his model approximates measured data like
brushed aluminum sufficiently well.

To describe anisotropic reflections Poulin
and Fournier [Poulin90] model the surface as
being composed by oriented cylindrically shaped
grooves or bumps. They also derived a shadowing
and masking term for this structure. The model
by Banks [Banks94] emulates fibers defined by a
gradient direction per pixel.

Other physical effects like interference with
the surface microstructure are included in the
BRDF model by He et al. [He91]. BRDF Models
based on single scattering in subsurface scattering
materials have been presented by Hanrahan and
Krueger [Hanrahan93] and later by Koenderink et
al. [Koenderink96b]. Various other BRDF models
have been developed in the fields of computer
vision, or astronomy.
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Chapter 4

Taxonomy of Acquisition Approaches

Hendrik P. A. Lensch

The goal of measuring the reflection properties
of materials, surfaces and objects has lead to a
number of different approaches. While a dense
sampling of the general 8D reflectance field is still
out of reach for current systems, a number of very
successful acquisition techniques have been devel-
oped which reduce the number of dimensions and
the sampling density by restricting themselves to
either specific classes of materials, or to specific
illumination and viewing scenarios.

A large class of acquisition techniques deal with
capturing the four-dimensional BRDFs of homo-
geneous surfaces, often performing highly precise
measurements, as explained in Chapter 6. We will
treat the special case of reflection off homogeneous
fibers in Chapter 10.

The approaches that concentrate on spatially
varying surfaces or entire objects can roughly be
sorted by the taxonomy given in Figure 4.1. The
simplest representation for a spatially varying ma-
terials is a diffuse texture map. Here, view and
light dependent effects cannot be represented at all,
i.e., relighting of diffuse texture maps can only re-
sult in a rough approximation of the original mate-
rial. Light fields cannot be re-lit as well, although
they store view-dependent data and thus may ex-
hibit moving highlights. A light field contains only
information about the appearance of the object in
one particular environment: the illumination that
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was present during capturing.

Relightable representations are best character-
ized starting from the 8D reflectance field or BSS-
RDF which is the most general form. In order
to reduce the dimensions to six, spatially vary-
ing BRDFs make the assumption that the appear-
ance can be described by a per-texel BRDF (see
Chapter 7) restricting the acquisition to opaque
materials. The BRDFs are represented by a per-
texel set of parameters of a BRDF model. A fur-
ther constraint is that interreflections are not in-
cluded in this representation. They have to be
added afterwards by a global illumination compu-
tation. Often the variability of the BRDF is re-
stricted to the diffuse part only, while the spec-
ular part remains constant. 6D reflectance fields
(Chapter 12) and BTFs (Chapter 11) are far less
restricted. They only assume that the incident illu-
mination originates from a far away light source,
and otherwise contain all global lighting effects
such as self shadowing, interreflections, etc. The
effects of projected illumination patterns, such as
cast shadows, or a light source that is very close
are however difficult to achieve since the neces-
sary information is not contained in the data. These
effects due to spatially varying illumination can
be modeled if the reflectance is captured with re-
spect to an arbitrary incident light field, which has
so far been demonstrated for a single view point
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Figure 4.1: Taxonomy of App

only [Masselus03, Sen05]. The reflectance field
from a single camera requires a 4D data set but
of course restricts the view to the originally cho-
sen perspective. Environment mattes (Chapter 9)
provide a very high sampling with regard to the
incident light directions and are therefore particu-
larly suited for highly specular and transparent ma-
terials. Opacity hulls combine the high sampling
density with view dependent information. If one
concentrates on translucent materials for which the
subsurface light transport is more or less diffuse,
and the dependence on the specific light and view-
ing direction can be neglected, a 4D representa-
tion of the diffuse subsurface reflectance function
is sufficient to capture all effects due to spatially
varying illumination (see Chapter 8).

Depending on the selected dimensions, the sam-
pling rate for each dimension, and the envi-
sioned dependency on spatially varying illumina-
tion, quite some different equipment must be used

earance Acquisition Techniques.

to capture the data (see Chapter 5). In addition,
the various approaches require drastically different
numbers of images or illumination patterns to cap-
ture the full data set. Table 4.1 summarizes some
of the specific aspects of the mentioned acquisition
approaches.
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Chapter 5

Acquisition Tools and Systems

Michael Goesele

In this chapter, we describe some basic hardware
and software that are often used to perform the
measurements of real world materials and objects.
This includes 3D scanning systems and the pro-
cessing software used to acquire geometry mod-
els. We furthermore summarize basic properties of
digital camera systems and discuss their geometric
and photometric calibration. Finally, we briefly in-
troduce lighting systems used for acquisition and
point out the importance of a well designed mea-
surement environment.

Although these tools are normally not the main
focus of an acquisition system, their performance
and accuracy is crucial for the quality of the re-
sults. We therefore include also some examples of
measurements and benchmarks for parts of the de-
scribed equipment.

5.1 Geometry Acquisition

A geometry model of a target object can be created
using a variety of methods including hand mod-
eling, tactile methods, active and passive stereo
systems. We will here describe the basic operat-
ing principle of a laser range scanner such as the
Minolta VI-910 system. This active optical range
scanning system sweeps a laser line over the target
object and observes the reflection of the line with
a video camera. The position of the reflected laser

line in the recorded image depends on the geome-
try of the setup and the distance of the illuminated
points on the target object from the 3D scanner (see
Figure 5.1). The laser line defines a plane P in
space whereas each pixel in an image captured by
the video camera defines a ray  in space. If the
reflection of the laser line on the target object is
visible in a pixel, the intersection of P and 7 yields
a single 3D point on the surface of the target object.
A single complete scan returns a depth map where
each valid pixel contains a distance value from the
3D scanner to the object.

5.1.1 Performance and Accuracy

The underlying principle of active triangulation-
based optical range scanners is the stereo vision
principle [Klette98]. (The laser projector could be
replaced by a second camera leading, however, to
the — in general difficult — stereo correspondence
problem.) A surface point can therefore only be
scanned successfully if it is visible from both, the
position of the laser projector and the position of
the video camera. Concave objects may lead to oc-
clusions which often result in holes in the depth
maps and are therefore hard to scan. The larger the
baseline (the distance between laser projector and
video camera) of a triangulation-based 3D scan-
ning system, the more difficult concave objects are
to scan. There is however a trade-off as a larger
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Figure 5.1: The principle of operation of the 3D laser range scanner used to acquire geometry models.
Valid surface points are defined by the intersection of the laser plane P with a ray 7 (corresponding to

positions in the captured image).

baseline leads to higher accuracy in the resulting
models.

A laser range scanner relies on the constant,
near-diffuse local light reflection on the surface of
an object. Unfortunately, many of our test objects
do not fulfill this requirement leading to noisy or
incomplete depth maps: Colorful objects can ab-
sorb a large portion of the red laser light so that
the reflected signal becomes too weak. Likewise,
specular surfaces reflect hardly any light in off-
specular directions so that the laser line may not
be recorded by the video camera depending on sur-
face orientation. Even worse, translucent or trans-
parent objects exhibit non-local light reflection,
i.e., light enters and leaves the surface at possibly
distinct locations. In order to acquire good quality
models even for difficult to scan objects, objects
are often sprayed with white dust (e.g., Helling
Met-L-Chek Developer D70) in order to obtain
a surface with Lambertian reflection. Figure 5.2

shows an example of a translucent alabaster horse
sculpture. The translucent behavior masks many
geometric details that can be easily seen when the
object is covered with dust.

5.1.2 3D Geometry Processing Pipeline

A single 3D scan of an object is usually not suf-
ficient to cover its whole surface. To achieve
complete coverage, the object is scanned sev-
eral times from different directions (possibly us-
ing a turntable to rotate the object in front of
the 3D scanner). The individual scans are then
aligned and combined into a single data set. Based
on this point cloud, a surface triangulation is
constructed and remaining holes are filled manu-
ally or semi-automatically. Various postprocess-
ing operations can be applied to the final triangle
mesh, e.g., to remove noise or to reduce the com-
plexity of the mesh. A more detailed overview
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Figure 5.2: The alabaster horse. Left and middle:
Photographs of the sculpture with and without sub-
surface scattering under identical illumination con-
ditions. The sculpture was covered with fine dust
to “turn off” subsurface scattering. Much surface
detail is masked by the translucency and active op-
tical range scanning systems have grave problems
to scan the translucent object. Right: Rendering
of the acquired geometry model (100k triangles)
with flat shading.

over tools and methods for geometry processing
can be found in [KobbeltOO]. There are vari-
ous software tools available (e.g., Minolta Poly-
gon Editing Tool, Steinbichler COMETplus, INUS
Rapidform, Innovmetric Polyworks, TowerGraph-
ics Easy3DScan, and ViIHAP3D’s mesh process-
ing tools) to perform all necessary processing steps
from the initial 3D scanning until the generation of
a final model.

5.2 Digital Camera Systems

A digital camera can be seen as a measurement de-
vice consisting of millions of sensors that convert
luminance arriving at the pixels into digital values.
The general assumption in image-based modeling
applications is that after some calibration steps the
acquired images are a faithful representation of re-
ality.

We will in this section first discuss the general
setup of a digital camera concentrating on the lens
system and the sensor chip. We then summarize
common calibration techniques for geometric and
photometric camera calibration.! We also mention

!There is some confusion about the meaning of the word

techniques to judge the accuracy of acquired im-
ages. We finally present examples of cameras used
for material acquisiton at MPI Informatik and dis-
cuss their specific properties.

5.2.1 Camera Setup and Components

The two most important components of a digital
camera are the lens system and the imaging sen-
sor that ideally should be tailored to each other.
Several mechanical components such as the aper-
ture and the shutter as well as the camera electron-
ics and host software influence the system perfor-
mance, too, but will not be discussed in detail.

Imaging Sensor

An imaging sensor converts irradiance incident on
a light sensitive area into an electrical signal whose
exact nature depends on the sensor technology.
Imaging sensors in digital cameras consist gener-
ally of a one or two dimensional array of sensor
elements (sensels) or picture elements (pixels).

In the case of a charge coupled device (CCD)
sensor, light is absorbed and creates free electrons
that are stored inside the sensor element which
serves as capacitor (e.g., [JanesickO1]). At the end
of an exposure, the collected charge is shifted to-
wards one end of the sensor using an analog shift
register and digitized using an analog-digital con-
verter. Due to the physical principles involved,
CCD sensors are highly linear, i.e., the amount of
charge collected is proportional to the irradiance.
The main performance limitation are leakage cur-
rents caused by chip defects and thermal noise.
Cooling the sensor will greatly improve its perfor-
mance as the noise doubles with every increase in

calibration: In some areas such as color science calibration
means to set a device into a defined state. In an additional pro-
filing step, this state is characterized and the characterization
is later taken into account in order to achieve a defined behav-
ior of a device. In computer graphics, calibration is tuning a
general model of the physical device in order to best describe
the specific instance on the device. Unless otherwise noted,
we will use this second semantics.
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Figure 5.3: The Bayer pattern [Bayer76] for color
image capture.

Figure 5.4: Left: Interpolation artifacts in an im-
age acquired with a Bayer pattern sensor (Jenop-
tik ProgRes C14, single shot, fast reconstruction).
Right: Ground truth image acquired using 4-shot
mode (see Section 5.2.4 for more details). Note
also the visually higher resolution of the ground
truth image.

temperature of about 6 Kelvin. The Jenoptik Pro-
gRes C14 digital cameras shown in Section 5.2.4
contains a cooled CCD imaging sensor.

The dynamic range, i.e., the ratio of brightest to
darkest non-zero recordable intensity values of a
CCD sensor is not only limited by noise but also
by its capacity. A sensel of the Sony ICX085AK
chip used in the Jenoptik ProgRes C14 camera can
typically store about 25,000 electrons so that the
dynamic range even of a noise free sensor is lim-
ited to about 1:25,000 requiring less than 15 bit for
digitization. Very bright spots in an image can also
lead to blooming artifacts if the irradiance creates a
strong current and charge is overflowing from one
sensel to neighboring sensels.

In contrast to CCD sensors, complementary
metal oxide semiconductor (CMOS) sensors are
based on the technology used for modern random
access memory chips, processors, or analog cir-
cuitry. They are more versatile and flexible but
often suffer from stronger image noise. In particu-
lar, modern CMOS cameras can achieve a dynamic
range of more than 140 dB which is often required
for computer graphics applications (see, e.g., Kang
et al. [Kang03] for an overview of camera systems
with extended dynamic range). The Silicon Vision
Lars III camera is such a camera with a CMOS
imaging sensor.

Color image acquisition is difficult as a single
sensor element can capture only a single value (de-
fined by the convolution of its spectral sensitivity
with the spectrum of the incident light) but not a
full set of RGB tristimulus values. The most com-
mon solution is to cover individual sensels with
color filters arranged in a Bayer pattern [Bayer76]
(see Figure 5.3) and to capture individual color
components at different spatial locations. Spatial
resolution is in this case traded for color infor-
mation. Tristimulus color values (RGB) are re-
constructed for each pixel using information from
neighboring sensels. This reconstruction can intro-
duce color artifacts so that the pixel values do not
necessarily correspond to the irradiance incident at
the pixel location (see Figure 5.4).

Alternatively, the image can be simultaneously
captured by 3 sensors with corresponding color
filters (3 chip cameras) or at different times us-
ing, e.g., a color filter wheel or tunable filters.
Only recently, a new technology was introduced
by Foveon that makes use of the different penetra-
tion depths of light into the chip and stacks three
sensels on top of each other [Lyon02]. It allows to
capture tristimulus color values without spatial or
temporal aliasing artifacts.

Lens System

The lens system projects an image of a scene onto
the imaging sensor (see Figure 5.5). A lens with
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aperture

Figure 5.5: Projection by a lens system with adjustable aperture. See text for a more detailed description.

antialiasing filter

individual sensor elements

light insensitive area

Figure 5.6: Projection onto a sampled imaging sensor with light insensitive areas (fill factor < 100 %).
Left: A small feature is either focused on a light sensitive or insensitive area leading potentially to
aliasing. Middle: A slightly out-of-focus projection reduces the aliasing potential but will still result
in a focused digital image if the circle of confusion is smaller than the sensel spacing. Right: Some
cameras include an antialiasing filter to prefilter in the optical domain.
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focal length f focuses a point at distance g onto a
point at distance b according to

1 1 1

FTe
leading to a sharp image. At a point b’ farther away,
the image is blurred within a circle of confusion
whose diameter d is proportional to the radius of
the aperture.

While achieving a sharp image is desirable for
an analog, film-based camera system, it can be
harmful for the sampled imaging system of a dig-
ital camera: If the light sensitive portion of a sen-
sor element covers not its full area, a small feature
could be focused on a light-insensitive part and
would not be captured at all (see Figure 5.6). It has
also the potential of severe aliasing if the fill factor,
the percentage of light sensitive area of a pixel, is
much smaller than 100 %. The fill factor can be
increased by adding small lenses on top of the sen-
sor elements as shown in Figure 5.6. This is how-
ever not sufficient for color sensors with Bayer pat-
tern [Bayer76] where even a small feature should
be registered by red, green, and blue color sensors
in order to minimize interpolation artifacts. An ad-
ditional antialiasing filter can be used to ensure this
by slightly blurring the projected image.

To achieve good image quality, it is therefore
important that the lens system matches the imag-
ing sensor. A way to check this is to determine the
modulation transfer function (MTF) [Williams99,
BurnsO1] of an imaging system that describes its
properties in frequency space.

The lens system can furthermore lead to a va-
riety of artifacts such as chromatic aberration (the
focal length f varies for different wave lengths of
light leading to color artifacts at image edges), ge-
ometric distortions (the acquired image is distorted
compared to an image generated using a pin-hole
projection), or diffraction at the aperture blades
(visible as star-shaped artifacts around bright fea-
tures). It is therefore mandatory to employ high
quality lenses and apply where possible correction
techniques in order to acquire high quality data.

5.2.2 Geometric Calibration

The lens system of a digital camera projects an im-
age of a scene onto the imaging sensor. The map-
ping between points in space and 2D image coor-
dinates depends on the position and orientation of
the camera (so called extrinsic parameters) and the
intrinsic parameters such as focal length, distor-
tion parameters, and the position of the optical axis
on the image plane (principal point). Various au-
thors such as [Tsai87, Heikkild97, Zhang00] pro-
posed camera models and calibration techniques to
estimate extrinsic and intrinsic camera parameters
from a set of images of a calibration target.
Jean-Yves Bouguet’s calibration toolbox for
Matlab [Bouguet] (which is based on the estima-
tion technique by Zhang [Zhang0O0] and uses a
camera model similar to the model of Heikkild and
Silvén [Heikkild97]) provides a convenient way to
determine the intrinsic camera parameters such as
the actual focal length fc = (fc(1), fe(2))” and
the distortion coefficients kc = (kc(1), kc(2))T of
a lens. The simplified version of Bouguet’s camera
model projects a 3D point P = (P, P, P,)T onto
a 2D image coordinate p, = (z,,y,)” as follows:

(mp) _ d(rz) (fc(l) : PI/PZ> i <cc(1))

Yp fe(2) - Py/P, cc(2)
One can often assume that the lens is centered with
respect to the image sensor and set the center of
projection cc = (cc(1), ce(2))? to the image cen-

ter. The radial distortion d(r2) is modeled by the
fourth order approximation

d(r?) =1+ ke(1)r? + ke(2)r?

and depends on r% = (P, /P,)? + (P,/P,)>.

5.2.3 Photometric Calibration

The pixel values stored in a digital image are nor-
mally not linearly related to intensity values in the
captured scene. The sRGB standard [IEC99] de-
fines for example a gamma value of 2.2 in order to

42



Chapter 5: Acquisition Tools and Systems

avoid quantization artifacts, i.e., a 2.2-power func-
tion needs to be applied to an SRGB color value in
order to get a value linearly related to intensity.? If
linear values are needed it is therefore mandatory
to recover the response curve (also called trans-
fer function or opto-electronic conversion function
(OECEF) [I1S099)) that performs the mapping from
digital image values to linear intensity values.

A simple method to recover the response func-
tion is to acquire an image of a uniformly illumi-
nated test target with patches of known reflectance
and to compute the response curve from the digital
image values of the patches. In this course, we ap-
ply however high-dynamic range imaging methods
that also recover the response curve.

High-Dynamic Range Imaging

Standard digital cameras can only capture inten-
sity values within a quite limited dynamic range:
For a given exposure setting, too dark areas of
a scene are usually mapped to zero (or vanish in
the devices noise floor) while too bright areas are
mapped to some maximum value. For both cases,
the digital image values cannot be mapped back
to linear intensity values and therefore are only of
limited use for image-based measurement meth-
ods.

The principle of high-dynamic range (HDR)
imaging [Debevec97, Robertson99, Robertson03]
is therefore to acquire multiple images of the same
scene with different exposure settings ensuring that
at least one meaningful digital value is available
for each pixel. The cameras response curve [
is then computed from this image series. Using
[Robertson99], a HDR image with linear floating
point intensity values of pixel z; at image posi-
tion j is generated as weighted average of the lin-
earized input images scaled according to their ex-

’Due to numerical considerations, the sRGB standard
[IEC99] specifies more exactly that small values up to a
threshold of 0.0031308 (on a scale of [0..1]) are kept linear
while a gamma of 2.4 is applied to larger values.
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I, is the linearized pixel value at position j of
input image ¢. The weighting function w;; t? is a
Gaussian-like function multiplied by the square of
the exposure time. It emphasizes pixel values with
high confidence and helps to suppress image noise.

Color Calibration

The tristimulus color value (e.g., the RGB triplet)
recorded for a color patch in a scene depends not
only on the spectral reflectance of the patch but
also on the spectrum of the illumination and on the
spectral response of the imaging sensors. The most
basic method to ensure correct color acquisition is
therefore to perform a white balancing step. To
this end, a neutral white or gray color patch is ac-
quired under the given illumination and multiplica-
tive scaling factors for the linearized color values
are determined that lead to equal intensity values.

5.2.4 Camera Systems

We give here examples of two different cameras
used to perform some of the acquisitions described
in these course notes — a high-end color video cam-
era for scientific applications and a prototype im-
plementation of a high-dynamic range video cam-
era.

Jenoptik ProgRes C14

The Jenoptik ProgRes C14 video camera was de-
signed for scientific photography and features a C-
Mount lens connector. Its 1300x 1030 pixel CCD
sensor is cooled by a Peltier element and an ad-
ditional fan to keep image noise at a minimum
enabling exposure times of up to 10 min without
visible noise. The Bayer pattern color sensor is
mounted onto a piezo micro-scanning actuator and
can be shifted by a whole pixel to sequentially
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Figure 5.7: Scene with a contrast of 1:3,700,000 captured with the Lars III camera. Left: HDR image
with medium exposure. Right: Color-coded version (logarithmic) encoding the full dynamic range.

capture per-pixel RGB information. Additional
shifting by sub-pixel steps allows to increase im-
age resolution up to 39003090 pixels. The cam-
era records 14 bit intensity values with a typical
dynamic range of 66dB. It can be controlled re-
motely via IEEE 1394 FireWire and custom soft-
ware using the provided SDK. The camera is usu-
ally used either with the high-resolution Jenoptik
Lametar 2.8/25 mm lens or with a Schneider Cine-
gon 1.4/4.8 mm wide-angle lens.

The excellent noise characteristics make the C14
an ideal camera for low light-level applications.
Static scenes can be captured with high resolution
in multi-shot mode requiring no color interpola-
tion. Dynamic scenes can however only be cap-
tured in single shot mode with up to 10 frames per
second (fps). Scenes with a strong infrared signal
might require an additional infrared cut-off filter to
achieve good color fidelity.

Silicon Vision Lars II1

Since a couple of years, high dynamic range video
cameras are available from several manufacturers.
They are able to capture scenes with much higher
dynamic range than standard CCD cameras with
a single exposure and are therefore able to con-
siderably speed up complex acquisitions such as
the DISCO system [Goesele04] presented in Chap-

ter 8.

The Silicon Vision Lars III is a prototype im-
plementation of a black-and-white high-dynamic
range video camera (up to 30fps) with C-Mount
lens connector. Its 768 x496 pixel CMOS sensor
achieves a fill factor of 100 % by placing the light
sensitive photo diode on top of the per-pixel cir-
cuitry. Each sensel decides at up to 12 time steps
(usually powers of 2) whether or not the exposure
should be continued. The collected charge is dig-
itized using 12 bit A/D converters leading to a lin-
ear dynamic range of 120dB. Figure 5.7 shows a
color-coded version of a HDR image captured with
the Lars III camera. At MPI Informatik, we gen-
erally use a Jenoptik Lametar 2.8/25 mm lens with
fully opened aperture to minimize artifacts intro-
duced by the interplay of lens system and HDR
scene.

Lars III Photometric Calibration

Performing a photometric calibration to evaluate
the linearity of a HDR camera is difficult as it re-
quires both, a HDR calibration target as well as
suitable software. Furthermore, the exposure time
of the Lars III video camera cannot be changed in
a controlled way.

To compute its response curve, we therefore
captured 3 video streams (483 images total) of a
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Figure 5.8: Recovered response curve for the Lars III camera (horizontal axis: intensity, vertical axis:
pixel values). Three of the 483 input image for the response curve recovery are shown in Figure 5.9.

Figure 5.9: Three of the input images used to recover the response curve of the Lars III camera (Fig-
ure 5.8). All images show the same scene consisting of a bright light source as well as specular and
diffuse reflecting objects in order to achieve a good luminance distribution. For the middle and right
image, the lens was covered with a 1.41x extension factor gray filter (middle) and a 10x extension
factor gray filter (right), respectively, to emulate varying exposure times.
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static scene. While one of the streams was cap-
tured without modifications, we added a neutral
density filter (gray filter) with 1.41x and 10x ex-
tension factor, respectively, in the optical system
for the other two streams. The extension factors
are not powers of 2 in order to avoid interference
with the camera’s switching behavior. As shown
in Figure 5.9, the scene contains an HMI light with
a metallic reflector and other specular and diffuse
reflecting objects to achieve a good luminance dis-
tribution.

The images were encoded in a 4+12 bit
exponent-mantissa format and fed into a 16 bit ver-
sion of an HDR recovery algorithm [Robertson99]
to compute the response curve (Figure 5.8). It
confirms the linear response but also shows arti-
facts correlated to the sensor’s switching points.
The non-linearities at high intensities are proba-
bly caused by intensity noise in the input images
and by the small number of samples per inten-
sity. The bend at low intensities is at least par-
tially caused by a problem of the measurement
methodology: The neutral density filters influence
only the irradiance at the image sensor but do not
change the exposure time. The dark current noise
(charge collected in some pixels independent of ir-
radiance) is consequently not influenced by the fil-
ters. As the camera contains a significant number
of pixels with dark current noise of some 10s or
100s, the recovered response will be unreliable in
this range. More details about photometric cali-
bration of HDR camera systems can be found in
[KrawczykO5].

5.3 Illumination

Choices for camera systems are quite limited and
most acquisitions of materials could be performed
with a single type of high quality camera. In con-
trast to that, the illumination is often an integral
part of the measurement system. The illumina-
tion systems presented in these course notes in-
clude e.g. standard tungsten bulbs, LEDs, Laser,

Figure 5.10: The acquisition lab at the MPI Infor-
matik. A test object on the table is illuminated by
two HMI light sources with different reflectors.

and monitors. More details are given in the indi-
vidual chapters.

5.4 Environment

The influence of the environment (most often the
room in which the setup is located) on the mea-
surements needs to be carefully evaluated. Large
diffuse reflecting walls can introduce strong ambi-
ent illumination if they are lit by the measurement
setup. Uncontrolled light sources can invalidate all
measurements. Walls, floor and ceiling of general
purpose measurement labs are therefore often cov-
ered with dark and diffuse reflecting material. The
lab at MPI Informatik shown in Figure 5.10 has
walls and ceiling covered with black felt that dif-
fusely reflects about 1.4 % of the incoming light.
The floor is covered with black needle fleece car-
pet. This ensures that the influence of the environ-
ment on the measurements is reduced to negligible
levels. A large measurement area allows to place
experiments far away from the walls further reduc-
ing the amount of reflected light.
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Chapter 6

Homogeneous Isotropic BRDF's

Wojciech Matusik

This chapter deals with Bidirectional Re-
flectance Distribution Functions or BRDFs. First,
we formally define BRDFs and describe their
properties. Second, we present our image-based
measurement system. Third, we show how to
make measurements more efficient using appropri-
ate representations. Next, we perform experimen-
tal validation of analytical BRDF models. Finally,
we show how to construct a data-driven BRDF
model.

6.1 Reflectance

Nicodemus et al. [Nicodemus77] defines reflection
as the process by which electromagnetic flux inci-
dent on a stationary surface leaves the surface with-
out a change in frequency. The reflectance is the
fraction of the incident flux that is reflected. Thus,
phenomena like transmission, absorption, spectral
effects, polarization, and fluorescence are not con-
sidered in this chapter. We consider the reflectance
under the assumption of simple ray optics — the
light travels only along the straight lines. There-
fore, phenomena explained by wave optics (inter-
ference, diffraction) are also not considered.

BRDF

One of the most useful models of reflectance
is Bidirectional Reflectance Distribution Function
(BRDF), denoted with f;. It deals with the light
that is immediately reflected when reaching the
surface (the light that scatters inside the mate-
rial and then leaves is not considered). This sim-
plification of the general reflectance takes advan-
tage of the observation that, for most materials,
the radiant flux incident at a point emerges from
a point very near the point of incidence. This
model of reflectance assumes that the surface is
homogenous. BRDF is a function of four vari-
ables: two variables specify the incoming light di-
rection, two other variables specify the outgoing
light direction. It is defined as a ratio of incom-
ing irradiance dFE;(6;, ¢;) to the outgoing radiance
dL(6:, ¢r) (see Figure 6.1):

dL(6r, ¢r)

fr(6i7¢i79ra¢r) = m (6.1)

: R S e
The unit of BRDF is steradian [sr] .

Isotropic BRDF

Isotropic BRDFs are an important subclass of
BRDFs. The isotropic model is valid for materials
for which rotations about the surface normal can be
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Figure 6.1: BRDE, f,, is defined as a ratio of in-
coming irradiance dE;(0;, ¢;) to the outgoing ra-

diance dL,(0,, o).

ignored. (The reflectance is the same when the ma-
terial sample is rotated about the normal while the
directions of the incoming irradiance and outgo-
ing radiance are fixed.) In this case BRDF can be
written as a function of only three variables. The
variables ¢, and ¢; can be replaced by one vari-
able ¢gier = (¢ - ¢1). Therefore, the expression for
isotropic BRDF can be expressed as follows:

AL (0, ¢itr)

fe(63, 0, daitr) = dE(0;, dair)

6.2)

However, anisotropic surfaces — surfaces with
preferred directions — cannot be modelled us-
ing isotropic BRDFs that are parameterized using
only three angles. Anisotropic surfaces include
brushed or burnished metals, hair, and fur. Ka-
jija [Kajiya85] gives as an example cloth that is
composed of a weave of threads. Light which
strikes threads along their length scatters differ-
ently than when it strikes them perpendicularly.
Anisotropic surfaces have microgeometry with
strongly oriented elements. The orientation of
these elements causes the light to reflect in pre-
ferred directions relative to the local coordinate

system expressed by the tangent, normal, and bi-
normal. A distant observer does not see the mi-
crostructure, but instead only its effect on the re-
flected light. However, for the vast majority of the
natural and man-made surfaces the microgeometry
is randomly distributed and does not have any pre-
ferred direction.

6.1.1 Properties of BRDFs

BRDFs are not arbitrary functions. In order to
obey the basic principles of physics they must sat-
isfy certain constraints. Next, we will describe the
most important of these properties.

Non-negativity All values of function f; must be
non-negative. In fact, they can be any value from
the interval [0,00). This is because both radiance
and irradiance must be non-negative.

Energy Conservation The energy conservation
property can be stated in the following way:

/ J1(01, 6 01 b0) dpa(Br, be) < 1 for all (61, 6y).
Q

(6.3)
This property means that the amount of energy that
is received by the surface element from some spe-
cific direction must be greater than the sum of the
energy emitted by the surface element in all pos-
sible directions. This must be true for the energy
received from all possible directions. The underly-
ing assumption is that the surface element does not
emit the energy by itself (e.g., the surface is not
fluorescent).

Reciprocity This property is also called
Helmholtz’s law of reciprocity. It states that the
surface reflectance should be independent of the
direction of the light flow — if the flow of light
is reversed the value of the BRDF should be the
same. This means that swapping the incoming and
outgoing directions should yield the same value of
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Jr:
fr(oia ¢i7 01‘7 (ZSI‘) = fr(0r7 d)ra 0i7 ¢1)

Veach [Veach97] has a detailed discussion of the
reciprocity. He argues that reciprocity cannot be
derived from the second law of thermodynamics
or from the principle of time reversal invariance.
However, reciprocity is widely observed and com-
monly assumed in reflection modelling.

(6.4)

6.2 Measurement

This section describes the construction of our
BRDF measurement system. We discuss the whole
acquisition process. This includes geometric cal-
ibration, radiometric measurements, and compu-
tation of actual BRDF samples. Next, we de-
scribe parameterization and representation of the
acquired BRDF data — reflectance of each mate-
rial is represented as a data structure composed of
dense BRDF samples. In this way we measure and
represent reflectance for a large collection of dif-
ferent materials.

6.2.1 Measurement System

In order to acquire a sufficient number of ade-
quately sampled BRDFs, it was necessary to build
a measurement device. Our modelling approach
placed two requirements on the acquired data: first,
each BRDF should be sampled densely enough to
be used directly as a table-based model, and sec-
ond, the space of BRDFs should be sampled ad-
equately so as to span the range of surface re-
flectances that we hope to generate. Accordingly,
we have built a BRDF measurement device suit-
able for rapidly acquiring high-quality isotropic
BRDFs for a wide range of different materials. Our
design was inspired by Marschner’s image-based
BRDF measurement device [MarschnerOOb]. His
device, like ours, requires a spherically homoge-
nous sample of material.

A photograph of our measurement system is
shown in Figure 6.2 and its schematic is shown in

Figure 6.2: A photograph of our high-speed BRDF
measurement gantry.

Light Sample Camera

! ! !
= w o]

—_—

Turntable

Figure 6.3: A schematic of our high-speed BRDF
measurement gantry.

Figure 6.3. The system is placed in a completely
isolated room, with all of the surfaces of the instru-
ment covered in either black felt or black construc-
tion paper. In addition, all walls of the room are
painted a matte black. It consists of the following
components: a QImaging Retiga 1300 (a 10-bit,
and a 1300 x 1030 resolution Firewire camera),
a Kaidan MDT-19 (a precise computer-controlled
turntable), and a Hamamatsu SQ Xenon lamp (a
lamp with stable light emission output and a con-
tinuous and relatively constant radiation spectrum
over the visible light range — Figure 6.4). The lamp
is mounted on an arm to a turntable. The lamp or-
bits the measurement sample placed at the center of
rotation; the camera and the sample are stationary.
The light source moves in increments of approx-
imately 0.5° from the point opposite the camera
(the sample is in between the camera and the light

49



SIGGRAPH 2005 Course Realistic Materials in Computer Graphics

it ; ; : : : i

SPECTRAL IRRADIANCE (pW cm-2 nm-1)

0.001
200 250

300 350 400 450 500 550 600 650 V0O

WAVELENGTH (nm)

750 80C

Figure 6.4: Spectral Irradiance 50 cm from the
light source.

source) to the point in front of the camera. We take
a total of 330 high dynamic range pictures to cover
the required half circle. This process takes about
four hours.

6.2.2 Geometric Calibration

Before proceeding with BRDF measurements, the
relative positions of the camera, light source, and
material sample must be found. In addition, the
imaging parameters of the camera and the precise
size of the material sample are determined. This
process is called geometric calibration.

In order to geometrically calibrate the cam-
era we need to determine its internal and ex-
ternal parameters. The internal parameters are
computed using the technique developed by
Zhang [Zhang98]. The external parameters are
computed using about 30 correspondences be-
tween the 3D coordinates of the tip of a contact
digitizer (FARO Arm) and its 2D position in the
image. Thus, we obtain the relationship between
image pixels and the corresponding rays in 3D.

Next we determine the locations of the light
source. The light source is assumed to move on
a circle in 3D. Therefore, we have to determine
the circle parameters and a reference light position
on the circle. First, we move the light source and
measure approximately 30 of its locations using a

contact digitizer. Then, we determine the plane of
the circle (this requires solving an overconstrained
system of linear equations). Next, we project all
the 3D locations onto this plane and compute the
equation of the circle in 2D using a non-linear op-
timization. We obtain the circle center and a vector
from the circle center to the current position of the
light source. Using this parameterization we can
move the light source using the turntable and de-
termine its precise location in 3D.

Computing the position of the material sample
is relatively simple. First, we measure the diameter
of the sample using calipers. Next, we measure the
locations of about 30 points on the surface of the
sample using a contact digitizer. Then, we use non-
linear optimization to find the center of the sample.

6.2.3 High-Dynamic
Measurements

Range Radiance

The dynamic range of the scene exceeds the
10-bit range of Retiga 1300. Therefore, we
use multi-exposure photography to derive high-
dynamic range images of the material sample. For
each high dynamic range picture we take a total
of 18 10-bit photographs with increasing exposure
times. The exposure time increases from 40 mi-
croseconds to 20 seconds. We take advantage of
the fact that CCD cameras have a linear response
curve; thus, we do not need to recover the response
curve of the camera [Debevec97].

For each pixel in the image we have 18 measure-
ments. We discard all measurement values below
10 and above 1000. We then fit a line to the ex-
posure time vs. measured radiance values for the
remaining measurements. The slope of the line is
used as the radiance estimate. The correlation of
this line for all pixels in the image is higher than
0.998.

Some of the CCD imager sensor elements (pho-
tosites) have high dark current values. This means
they generate a significant output even in the ab-
sence of any incoming visible radiation. These
dark current levels are a function of the ambient

50



Chapter 6: Homogeneous Isotropic BRDFs

room temperature, localized impurities, and pro-
cessing variations in the CCD’s construction. As
a result, these elements do not produce valid mea-
surements. In order to detect these elements we
capture one image with 60 second exposure time
and a closed lens cover (no external light gets to
the imager). The elements that have values above
16 are considered to have excessive dark current
values, and are not used in the BRDF measurement
process.

6.2.4 BRDF Computation

Each acquired image of the material sample rep-
resents many simultaneous BRDF samples. Each
imaged pixel of the sphere is treated as a separate
BRDF measurement. This measurement is either
red, green, or blue since the Retiga 1300 produces
a Bayer pattern image. (We do not attempt to in-
terpolate the other color components using nearby
sensor elements.) In order to compute the specific
BRDF value for a given image pixel we perform
the following steps. First, we intersect the ray
defined by the pixel with the sphere to determine
point P. Then, we compute the normal at point
P on the sphere, the vector and the distance to the
light source, and the vector to the camera pixel.
Next, we compute the irradiance at point P due
to the light source (taking into account distance to
the light source and foreshortening). Finally, we
compute the BRDF value as the ratio of the high
dynamic range radiance to the irradiance.

6.2.5 Data Representation

The specular peaks of highly reflective materi-
als are particularly difficult to represent using
the natural isotropic BRDF parameterization (6,
0i, ¢girr). Even when binning a BRDF at a
dense grid (every 1 degree spacing for each di-
mension), it is not possible to reproduce orig-
inal images (the specular highlight becomes an
oval shape, oriented at different directions). In
order to address these sampling problems, we
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used a different coordinate system, introduced by
Rusinkiewicz [Rusinkiewicz98]. This coordinate
frame is based on the angles with respect to the
half-angle (half-vector between incoming and out-
going directions). The half-angle is a relevant re-
flection parameter because it defines an ideal sur-
face normal for which a mirror surface (perfect
reflector) would reflect all of the incoming light
in the specified outgoing direction. This coordi-
nate frame allows us to vary the sampling density
near the specular highlight. Specifically, we vary
Oy (angle between the actual surface normal and
the half-vector), assigning smaller bins for values
near specular reflection and larger bins for angles
far away from the specular reflection.

We still subdivide 6y, 63 into 90 bins and ¢4
into 360 bins. This results in a total of 90 x 90
x 360 = 2,916,000 bins for each color component.
We half this number to 1,458,000 by enforcing the
reciprocity constraint:

F(On, 04, pa) = f(On,0q, bq + )

With this constraint we need only to subdivide ¢q4
into 180 bins.

Our measurement process gives us typically 20-
80 million BRDF samples for each material. We
reduce the noise in the measurements by remov-
ing the outliers in each bin (lowest and highest
25% of the values), and we average the remain-
ing measurements. This statistical smoothing is in-
tended to remove systematic noise as well as com-
pensate for small variations in material properties
over the sample. As a final validation we render
a synthesized version of our sample sphere and
compare it to the corresponding acquired high dy-
namic range image. We conduct this inspection for
all input light configurations. The rendered im-
ages reproduce the input images very well. We
have used our device to acquire BRDF measure-
ments of more than 130 different materials, includ-
ing metals, plastics, painted surfaces, and cloth.
Upon analyzing the data we removed some materi-
als that exhibited significant subsurface scattering,
anisotropy, or nonhomogeneity (using the isotropic
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BRDF model it is not possible to reproduce input
images for these materials).

6.3 Efficient Measurement

This section describes how to improve the BRDF
acquisition by optimizing sampling. We observe
that the solutions for compact BRDF representa-
tions imply more efficient measurement (i.e., sam-
pling) procedures for isotropic BRDFs. These pro-
cedures can, in principle, significantly accelerate
the BRDF acquisition process. It has previously
been observed that wavelets are a very compact
representation for BRDFs. Therefore, we start
by using a wavelet analysis to compute a single
wavelet basis for all BRDFs in our dataset. The co-
efficients of this basis are a compact representation
for most BRDFs. The wavelet analysis also results
in an efficient measurement procedure that derives
a non-uniform sampling of the BRDF domain re-
quired to reconstruct most BRDFs well. Further-
more, we show that each BRDF in the dataset can
be represented well using linear combination of
other BRDF. Therefore, one needs only a small
number of coefficients to represent a BRDF — this
is a compact representation. This observation re-
sults in an another efficient measurement proce-
dure. The procedure expresses new BRDFs as a
linear combination of source BRDFs. It estimates
the coefficients of the linear combination using few
(less than a thousand) BRDF samples.

6.3.1 Efficient BRDF Sampling Based on
Wavelet Analysis

The measurement procedure we propose focuses
on how to efficiently sample isotropic BRDFs.
First, we observe that typical BRDFs exhibit high
frequencies in only very specific regions of their
parameter space (e.g., near specular peaks). Only
these regions require dense sampling. Otherwise,
BRDFs are smooth and slowly varying over most
of their domain, and, thus, require fewer samples

for accurate reconstruction in these regions. Non-
uniform sampling can be used to exploit this “spa-
tially varying” localized spectrum property, which
is characteristic of BRDFs. The precise densi-
ties and patterns of this non-uniform sampling are
largely a matter of guesswork, and it is likely that
one should err on the side of oversampling the
function, as we attempted to do in the acquisition
of example BRDFs. However, once given a large
set of oversampled representative BRDFs, it is pos-
sible to analyze the entire corpus in order to reveal
the maximum localized signal frequencies for any
point in the domain, which in turn implies the max-
imum necessary sampling frequency for that point.
Assuming that the example BRDFs in our database
are representative of the entire space of isotropic
BRDFs, we can then sample the BRDF of any new
material correctly at a lower non-uniform sampling
rate without any a priori knowledge.

Next, we provide the details of wavelet analy-
sis and representation. Each color component (red,
green, blue) of a tabulated BRDF is stored as a
function of three variables 6, 64, and ¢q. It is rep-
resented as a 90 x 90 x 180 three-dimensional ar-
ray of floating point values. Standard packages that
perform discrete wavelet transform require data di-
mensions that are powers of two. Therefore, we in-
sert each BRDF component into a 256 x 256 x 256
array and pad the rest of the array with zeros.
Next, we perform a nonstandard discrete wavelet
transform on each 3D array to obtain an array of
256 x 256 x 256 wavelet coefficients. For each
color component of a BRDF, we keep the highest
coefficients that are necessary to reconstruct the
component with 3% precision. The sets of non-
zero coefficients are generally different for each
color component of a measured BRDF. They are
also different for each BRDF in our dataset. How-
ever, there is a large degree of coherence between
these sets. When we take the union of the 300
sets (there are 100 BRDFs in our dataset and three
sets of coefficients for each BRDF), the size of the
union set grows to approximately 69,000 wavelet
coefficients — 4.7% of the original data. The union
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of non-zero coefficients corresponds to a set of
wavelet functions. The accuracy of this represen-
tation is at least 3% but likely better. We call this
set of wavelet functions the Common Wavelet Ba-
sis (CWB) for isotropic BRDFs.

Standard Fourier analysis could be used to de-
termine the frequency spectrum of the BRDFs in
our database. However, the maximum signal fre-
quency would be very high since the Fourier ba-
sis functions span the whole domain of the sam-
ple space. Consequently, a Fourier analysis would
suggest a dense and uniform sampling. We use
wavelet analysis to obtain the maximum signal fre-
quency for each part of the BRDF domain. The
advantage of wavelet analysis is its ability to per-
form localized analysis of a larger signal because
the underlying wavelet basis functions vary in both
the spatial and frequency domain.

Wavelet analysis represents a particular BRDF
function as a linear combination of basis func-
tions of varying scale. At the same time it spec-
ifies the signal frequency over each interval of the
function domain that is required to represent the
function. The signal frequency translates directly
to the required sampling frequency for each inter-
val. In general, this sampling frequency is only
adequate for one particular BRDF. When comput-
ing the Common Wavelet Basis, however, we per-
form a wavelet analysis for all of the BRDFs in the
dataset. This wavelet basis defines the maximum
signal frequency over each interval of the function
domain needed in order to reconstruct any of the
measured BRDFs. Using CWB we derive the sam-
pling density and corresponding sampling points
(B, 04, ¢q) that should be measured in order to
sample any arbitrary BRDF correctly. Our algo-
rithm also reconstructs a dense BRDF representa-
tion from the measured BRDF values at the speci-
fied sampling points.

Next, we discuss the details of the algorithm —
how to define an efficient BRDF sampling pattern,
how to compute the CWB coefficients using the
BRDF values at these sampling points, and how
to reconstruct the full BRDF from the CWB. First,

we note that each BRDF component f,.(6p, 04, ¢q)
can be represented as a weighted sum of the CWB
functions H;(6h, 04, ¢q) as follows:

fT(ahv gdv d)d) = Z H’i(gha eda ¢d) X Cia (66)

=1

where C' is a vector of coefficients for the CWB
functions that need to be computed. We also
note that all of the CWB functions are known
(for the sake of simplicity we use Haar wavelets)
and they can be evaluated at any point (6}, 04, ¢q).
Each BRDF value f, (6, 04, ¢q) produces one lin-
ear constraint on the values of the wavelet coef-
ficients C'. The approximately 69,000 non-zero
coefficients as constraints allow us to compute all
wavelet coefficients C' by solving a system of lin-
ear equations.

Next, we need to select the sampling points
(6, 04, ¢q) that produce the linearly independent
equations, and, therefore, allow us to compute the
wavelet coefficients. We note that there is no
unique set of sampling points; thus, we just se-
lect one possible set that leads to linearly inde-
pendent equations. First, we compute one con-
straint for each original sampling point for a total
of 1,458,000 equations. Many of these are linearly
dependent. We determine a set of 69,000 equa-
tions that are linearly independent. Given these
equations and the corresponding BRDF values, we
solve the following system of equations:

G=HxC. 6.7)

Matrix H is large (69, 000 x 69, 000) but typically
very sparse — usually there are around 40 non-zero
elements in a row. This is a result of the small sup-
port of the wavelets at higher levels in the wavelet
tree. We use the MATLAB sparse matrix routine
to directly perform the operation H* /C” for each
color channel (R, G, and B).

In order to reconstruct a BRDF we use the es-
timated coefficients of the CWB and we set coef-
ficients for the wavelets not in the CWB to zero.
Then we perform the inverse wavelet transform to
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compute the BRDF values at the original sampling
grid locations.

6.3.2 Pull-Push Reconstruction of BRDF's

In the previous section we have shown how to re-
construct a BRDF on a uniform grid using 69,000
BRDF samples at specified locations. In this
section, we present an alternative reconstruction
method that in practice yields lower reconstruction
errors.

Since we are given sparse BRDF samples we
can treat the problem of reconstructing the full
grid BRDF as a scattered data interpolation prob-
lem. One simple and fast methods is the pull-push
method. This method relies on the pyramid data
structure of a progressively downsampled BRDF.
The algorithm consists of two steps. (1) The pull
step is applied hierarchically from the highest to
the lowest resolution in the BRDF pyramid. Each
lower resolution of the pyramid is obtained from
the higher resolution version. First, the higher res-
olution BRDF is convolved with a low pass filter.
Then, the result of this convolution is downsam-
pled by a factor of two to obtain the lower res-
olution BRDEF. (2) The push step is also applied
hierarchically to the BRDF pyramid. It starts at
the lowest resolution and progresses to the high-
est, original, resolution. Low resolution data com-
puted during the pull phase is used to fill in the
gaps at the higher resolution. If the higher resolu-
tion BRDF value has high enough confidence then
the lower resolution value is not used. Otherwise,
the higher and lower resolution values are blended
together. The implementation details of the algo-
rithm are described by Gortler et al. [Gortler96].

6.3.3 Linear Combinations of BRDF's

In this section we show that new BRDFs can be
represented equally well using the BRDFs in the
original set. It follows that one needs only to es-
timate appropriate weighting factors for each of
the original BRDFs in order to estimate any new

BRDF. Since there are only 100 of these coeffi-
cients, the number of BRDF samples needed for
this estimation should be relatively small.

We represent each densely sampled BRDF as
a high-dimensional vector composed of all values
for R, G, and B. Let P be the matrix of all BRDFs
in the original set, C' the vector of coefficients for
the linear combinations, and B the new BRDF we
measure. It follows that:

PxC=B. (6.8)

This system of equations is overconstrained since
it has 90 x 90 x 180 x 3 = 4,374, 000 equations
and only 100 unknowns. However, a lot of these
equations are linearly dependent. Therefore, we
need to select a only small set of equations that
allows us to robustly estimate the coefficients C'.

We present a simple strategy for selecting equa-
tions that allow for computing the coefficients of
the linear combination. Let X be a matrix com-
posed of some subset of rows of the matrix P. (As
noted before, P is a matrix composed of column
BRDF vectors.) A good measure of how robustly
we can estimate C' is the ratio between the highest
and lowest eigenvalue of the matrix X7 X. The
system is well conditioned if this ratio is small.
Since finding an optimal set exhaustively is pro-
hibitive, we resort to a simple greedy strategy. We
start with an initial set of n constraints. We select
a constraint outside of the set X and one constraint
in the set X. We swap them only if the ratio of
the eigenvalues decreases in matrix X7 X with the
constraints swapped. We repeat this procedure un-
til X converges to a stable set and we perform this
procedure for different set sizes n.

This procedure guarantees that the system is nu-
merically well conditioned, which in turn makes
it robust to perturbations of the constraints. It also
approximates a “most informative set” of measure-
ments. In order to expect a good generalization of
the known BRDFs, we must also ensure that the
system is well overconstrained. We found that us-
ing n = 800 linear constraints provides a robust
computation of the coefficients, while adding more
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constraints does not improve the solution. This im-
plies that we can measure new BRDFs using only
800 samples. (At each point we measure either R,
G, or B.) We note that each of the 800 equations
corresponds to a specific value of (6p, 4, ¢q) and
does not depend on the value of the BRDF at that
point.

The procedure presented here is well defined,
simple, and fast. In order to compute the coeffi-
cients C' we need only to compute a pseudo-inverse
of the 800 x 100 matrix and perform one vector-
matrix multiplication. In contrast to fitting samples
to analytic BRDF models, this procedure is not de-
pendent on a good initial guess.

6.4 Validation of Analytic BRDF
Models

In this section we evaluate the performance of sev-
eral popular BRDF models in terms of their ability
to fit the measured data. While previous work in
BRDF modeling have validated these models with
some measurements, our work is the first to quan-
titatively compare different models based on one
sizable dataset covering a wide class of materials.

6.4.1 Single Lobe

First, we fit the dataset using a single specular lobe.
The Ashikhmin and Cook-Torrance models per-
form the best in most cases, while Blinn-Phong
and Ward yield the highest errors. The errors for
the Lafortune model are systematically higher than
Cook-Torrance and Ashikhmin, despite having the
same number of free parameters. The differences
between the BRDF fits are also perceptually sig-
nificant in rendered images.

6.4.2 Multiple Lobes

Cook and Torrance suggest that two or more spec-
ular lobes are necessary to model surfaces where
there are multiple scales of roughness. Lafortune’s

model cosine lobes serve as basis functions for
representing BRDFs and thus multiple lobes are
also expected in general. To study the effect of
an additional lobe, we choose 26 materials from
the dataset. These materials have multiple layers
of finishing, e.g. metallic paints. In 14 cases for
Cook-Torrance and 11 cases for Lafortune, an ex-
tra lobe reduces the error by more than 20 percent.
We note that the Lafortune model performs worse
than the Cook-Torrance model.

6.4.3 Shape of the specular lobe

Our experimental validation highlights the pro-
found difference between two popular formula-
tions of the specular lobe: 1. defined around the
mirror direction symmetrically (V' - R), and 2. de-
fined by the normal and the half-vector (H - N).
Most previous discussions of the behavior of re-
flectance have focused on the increase in intensity
of the reflection when the incident angle moves to-
ward grazing angles. We found that the shape of
the lobe also has important implications. We ob-
serve that the lobe corresponding to H - N is more
circular when L is near /N, and becomes narrower
and asymmetric as L moves towards grazing angle.
On the contrary, the V' - R lobe is always circular
around the mirror direction R. Plots of the mea-
sured BRDFs verify that the shapes of the specular
lobes are more consistent with the H - IV lobe in
almost all cases. To quantify the differences, we
re-express the Blinn-Phong model using V' - R, and
we find that the fitting errors for the V' - R version
are higher than the original Blinn-Phong model in
almost all cases (they are 40 percent higher on av-
erage). We believe this is one reason for the infe-
rior performance of the Lafortune model, as it uses
a formulation similar to V' - R, where R is replaced
by a generalized mirror direction. The superiority
of the H - N lobe is in strong opposition to some
beliefs that the half-vector representation is just an-
other way to express the specular lobe.
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6.5 Data-driven BRDF model

This section describes the construction of a data-
driven reflectance model. The construction process
uses machine learning techniques and, in partic-
ular, unsupervised learning methods. The classic
problem in unsupervised learning is to infer a func-
tion from a set of example outputs. Each acquired
isotropic BRDF can be treated as a vector in a high
dimensional space — each tabulated 3D isotropic
BRDF is unrolled to form a D-dimensional vector.
Only a subset of all possible vectors corresponds
to valid isotropic BRDFs. In order to construct a
data-driven reflectance model we attempt to find a
description of this subset based only on a relatively
small number of training vectors. Dimensionality
reduction methods are used to solve this problem.
This analysis assumes that all BRDFs correspond-
ing to real-world materials lie on a relatively low
dimensional manifold embedded within the high-
dimensional space. This is a common assumption
is consistent with the relatively small number of
parameters seen in analytic BRDF models.

First, we use Principal Component Analysis
(PCA) to discover a linear subspace (a low dimen-
sional hyperplane embedded in the high dimen-
sional space) that best describes our dataset (in a
least-squares sense). We discuss the validity of
the linear subspace model and the problems asso-
ciated with it. Next, we analyze the dataset us-
ing non-linear dimensionality reduction techniques
that are more general than the linear analysis meth-
ods since they are capable of discovering curved
low-dimensional manifolds embedded in high di-
mensional spaces. Once we obtain the descrip-
tion of the manifold (or the linear subspace) for
isotropic BRDFs we can impose a parameteriza-
tion of the discovered manifold and synthesize
new plausible isotropic BRDFs by interpolating
between points on this manifold. Thus, we obtain
a generative data-driven BRDF model.

6.5.1 Analysis Using PCA

The first isotropic BRDF modelling approach that
we will explore is a linear model. Finding a lin-
ear model involves computing an orthogonal basis
vector set of a specified dimension that best repre-
sents the BRDFs in our dataset. In this case, the
analysis tools for both manifold discovery and in-
terpolation are well known. Principal Component
Analysis effectively determines a set of basis vec-
tors that span the desired subspace. Linear com-
binations of these basis vectors, sometimes called
principal components or directions, can be used for
approximation and interpolation within the space
of given samples. Potential linear manifolds are
generally suggested when there is a noticeable
plateau in the magnitudes of the ordered eigenval-
ues associated with each principal direction. When
this plateau occurs on the k" eigenvalue, we can
model the data as a k-dimensional linear subspace
with a residual error bounded by the square root
of the sum of the squares of the remaining eigen-
values. Independent of any plateau, however, the
best k-dimensional approximation (under a least-
squares metric) is given by a linear combination of
the fist £ principle directions.

We began the analysis of the BRDF samples by
searching for a linear embedding manifold (a hy-
perplane). In this approach each of 104 BRDF
samples is treated as a column vector to form a
4,374,000 by 104 measurement matrix. Initially
we performed the analysis in the linear domain, but
the reconstructed BRDFs exhibited large errors in
the non-specular areas. Upon inspecting the data
we found that the specular reflections were several
orders of magnitude larger than values in areas of
non-specular reflection, and errors in these regions
dominate under a least-squares metric (e.g., mea-
surement errors in the specular regions have larger
values than the values in the off-specular areas).
Therefore, we have decided to perform the anal-
ysis in the log space. This operation flattens the
range of the BRDF values. It increases the impor-
tance of the reflectance in the off-specular regions
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— these areas are also perceptually very important.
The operation can be also justified by the fact that
the human visual system is more sensitive to ra-
tios of radiance values rather than absolute radi-
ance values.

In order to compute the principal components
and the coordinates of the original BRDFs in the
new basis, the following steps are performed. First,
the data points have to be mean centered (the mean
of all log-BRDFs is computed and subtracted).
Next, the covariance matrix is computed by taking
dot products between all pairs of the BRDF vec-
tors. Note that the matrix is symmetric; thus, the
number of computations is halved. Moreover, it is
only a 104 by 104 matrix. Then, the eigenvalue de-
composition of this matrix is performed (e.g., us-
ing eig function in Matlab).

A plot of the eigenvalues sorted in order of de-
creasing magnitude the corresponding reconstruc-
tion error for the BRDF database is shown in the
course slides. Furthermore, we show the recon-
struction of a few different BRDFs using first 1, 5,
10, 20, 30, 45, 60, and all principal components.
Good reconstruction is usually obtained using the
first 30-40 components. Note that there is a consid-
erable fall off in the sequential values seen in this
plot but there is no noticeable plateau. However,
the residual noise reaches a level that is compara-
ble to the estimated measurement noise around the
45" eigenvalue. This dimension of the embedding
subspace is considerably higher one would assume
based on the typical number of parameters used
in analytic BRDF models. Nevertheless, it is easy
to verify that the 45-dimensional space defined by
the first principal components reconstructs all our
measured BRDFs well.

6.5.2 Limitations of the Linear Model

The model obtained using Principal Component
Analysis has some drawbacks for practical use.
The most serious is the large number of principal
vectors — users need to specify at least 45 different
parameters in order to span the whole BRDF space.

Furthermore, the space spanned by the 45 princi-
pal vectors includes vectors that correspond to un-
likely or physically implausible BRDFs, as we will
demonstrate. We start by considering the combina-
tions of BRDFs outside the convex hull of the orig-
inal BRDFs. Since the subspace extends infinitely,
some of the vectors outside the convex hull will
produce physically implausible BRDFs (e.g., the
non-negativity or energy conservation property is
not met).

Determining the validity of BRDFs within the
convex hull of measured data samples is a much
more difficult undertaking. First, we will show
that conceptually all convex combinations of the
source BRDFs would produce physically valid
BRDFs (non-negativity, energy conservation, and
reciprocity properties are preserved). To demon-
strate this point we describe a thought experiment
that explains how to “manufacture” a material with
a BRDF equivalent to any convex combination of
the source BRDFs. First, consider that a BRDF
is defined with respect to an infinitesimally small
surface element, but in practice sensors integrate
over finite surface patches when measuring re-
flectance. Let’s imagine a specific surface patch
that is viewed at exactly one pixel of the sensor.
If we assume that this surface patch is composed
of tiles, and each of these tiles can be made of a
different base material, then one could design ma-
terial with a reflectance equivalent to any convex
combination of the source BRDFs by assigning ap-
propriate (possibly dithered) combinations of ma-
terials to each tile. This construction process is il-
lustrated in Figure 6.5. While it would be possible
to “manufacture” these materials, not all of them
appear “natural.” This is illustrated in course slides
in which we show BRDFs that are convex combi-
nations of the source BRDFs — these BRDFs cor-
respond to unlikely materials. In general, we focus
on modelling reflectance of real-world materials.
Therefore, these limitations lead us to analyze the
dataset using non-linear dimensionality reduction
techniques.
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Figure 6.5: “Manufacturing” a material with a
BRDF equivalent to any convex combination of the
source BRDFs.

6.5.3 Non-linear Dimensionality Reduc-
tion

The discussion in the previous section, com-
bined with the relative effectiveness of many low-
parameter count analytic BRDF models, suggests
that the space of BRDFs corresponding to mate-
rials found in nature lies on a lower-dimensional
non-linear manifold that is embedded in the 45D
linear subspace. We have applied recently de-
veloped non-linear dimensionality reduction tech-
niques to discover this lower dimensional mani-
fold. In order to construct an effective data-driven
model one has to compute a continuous mapping
between the embedding and the original (ambient)
space.

We chose to use charting [Brand03] because it
is explicitly designed to work well with a small
numbers of samples and to suppress measurement
noise, two conditions that tend to break methods
for dimensionality reduction from local relation-
ships. For charting, one must specify a set of chart
centers, a width parameter o for the Gaussians, and
a target dimensionality d. We used the default set-
tings: one chart centered on each data point and o
= half the average distance between each point and
its closest neighbor. Note that locating a chart on a
point does not cause the manifold to pass through
that point — only near it.
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As with PCA, the data-reconstruction error of
a charted dataset gives an indication of the true
dimensionality of the manifold. A plot of recon-
struction error vs. target dimensionality (in course
slides) shows a sharp drop in the residual error
at 10D embedding space. However, when using
10D embedding space some of the reconstructed
BRDFs have visual artifacts. These artifacts are
not present at 15D when the residual error drops
below 1% (comparable to reconstructions with 45
principal components). Observe that the recon-
struction error does not decline monotonically be-
cause each dimensionality may merit a different
flattening. For example, if the data were sampled
from a truncated cone, the best 1D chart would
simply be height along the cone, while the best 2D
chart would flatten the cone into an annulus. Each
flattening would suppress the noise in different di-
rections, some more fortuitous than others.

A charted manifold of BRDF data makes it pos-
sible to treat the space of BRDFs as if it were lin-
ear, and to identify meaningful axes of variation in
this embedding space. An interpolating or extrapo-
lating line in this space is a non-linear curve in the
original BRDF space that passes closer to the data
density that the equivalent straight line would (on
average), simply because it stays on the manifold
where a straight line does not.



Chapter 7

Heterogeneous Isotropic BRDF's

Hendrik P. A. Lensch

In this chapter we will concentrate on spatially
varying BRDFs, provide a categorization of exist-
ing techniques and will detail one specific acquisi-
tion technique based on clustered BRDFs and lin-
ear combinations of these.

Real-world objects are usually composed of a
number of different materials that often show sub-
tle changes even within a single material, e.g.,
caused by imperfections, dust, scratches, and so
on. Photorealistic rendering of such objects re-
quires accurate measurements of the reflection
properties of each material, as well as the spatially
varying effects.

As seen in the previous chapter, the process of
measuring the BRDF of a homogeneous material
is already quite demanding. In order to obtain spa-
tially varying BRDFs of heterogeneous materials
one can either try to capture a fully sampled BRDF
for each individual texel (see Chapter 11 and 12)
or one can combine the BRDF samples of multi-
ple surface points in order to obtain more reliable
measurements and a significant speed-up.

Spatially varying BRDFs are most often repre-
sented by a per-texel set of parameters of a BRDF
model. The texture is specified over a given 3D
geometry, which is either scanned, in the case of
a complex object, or assumed to be flat. Fitting a
BRDF model to the measured data allows for re-
construction from arbitrary view points with arbi-

trary illumination. Given the prior information that
a BRDF model can be applied, one can extrapolate
to viewing and lighting directions never seen be-
fore. One could even illuminate texels individually
enabling spatially varying illumination.

Of course, the use of a BRDF model restricts
the class of materials that can be represented in
such a way that all reflection effects are repro-
duced correctly. Due to a variety of reasons the
measured samples might deviate from what can be
expressed by a physically plausible BRDF model.
The observed 4D sampling is often called apparent
BRDF. The apparent BRDF might be polluted by
global effects such as interreflecions, subsurface
scattering, or because the geometry model does
represent only a coarse approximation of the real
surface resulting in combining samples from dif-
ferent surface points, or in a wrong parameteriza-
tion of the BRDF if the normal is not estimated
correctly. Optimized BRDF parameters therefore
can only approximate the full reflection behavior.

Existing approaches for measuring spatially
varying BRDFs can be categorized with regard to
the illumination setup during capture and the way
spatial variation is represented. Table 7.1 lists and
classifies the most common publications in the area
of spatially varying BRDF estimation. The illu-
mination is either highly controlled by using just
a single point light source, the illumination is as-
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sumed to be far away, represented by an environ-
ment map, or the light sources are within the scene
demanding a global inverse illumination approach
in order to estimate the reflection properties.

One property of a acquisition algorithm that
largely influences the reconstruction quality is the
way spatial variation is represented. The best qual-
ity is achieved if a BRDF is estimated completely
independent for each texel. This however, requires
a sufficient number of BRDF samples per texel. If
the number of input images and thus the number
of samples is limited, quite often the specular part
is restricted to be constant over a surface patch or
the entire object. Since most objects consist of a
variety of materials, each with its own diffuse and
specular components, these approaches show lim-
ited approximation capabilities if the patch bound-
aries do not coincide with the material boundaries.
A better approximation can be obtained if the ma-
terial boundaries are found during a clustering pro-
cess and if the per-texel BRDF is represented as
a weighted sum of cluster BRDFs. We will de-
tail this approach, which has been introduced by
Lensch et al. [LenschO1, Lensch03], in the remain-
der of this chapter.

7.1 BRDF Measurement by Clus-
tering

The overall pipeline for image-based measurement
of spatially varying materials from a sparse set of
images consists of the following steps:

e acquisition of 3D geometry

e capturing high dynamic range images with
varying illumination

e resampling

e clustering of surface points into clusters of
similar materials

o fitting a BRDF model to the material clusters

e representing the BRDF at each point as a
weighted sum of cluster BRDFs.

The pipeline can be reorganized and individual
components can be exchanged. But many of the
principal considerations will remain valid so that
the insight gained form studying a single approach
can be applied to a whole range of other tech-
niques.

7.1.1 Image-based BRDF Measurement
for Homogeneous Materials

Given a flat sample surface, a gonioreflectometer
samples the BRDF by varying the position of a
light source and a sensor over the hemisphere. At
each position the reflectivity is measured for ex-
actly one pair of incident and exitant directions. A
dense sampling of the BRDF thus requires moving
the light source and the sensor to a large number
of different positions which is very time consum-
ing. In Figure 7.1.1a the principle setup of a go-
nioreflectometer is depicted. The same effect can
be obtained by keeping either the light source or
the sensor fix while tilting the surface and chang-
ing its orientation instead (see Figure 7.1.1b).

A more efficient technique to acquire BRDFs
of homogeneous materials has been proposed by
Marschner et al. [Marschner99]. Here, the sensor
is replaced by a digital camera which acts as a sen-
sor array. Instead of a planar sample this technique
uses a curved surface. Since the surface normal
for a curved object is different at each point a sin-
gle image of the object lit by a point light source
captures a large number of different incident and
exitant light directions with respect to the surface.
Only a small number of images is needed for a
dense sampling of the BRDF.

7.1.2 Image-Based Measurement of Mate-
rial Clusters

Based on the image-based BRDF measurement
technique, we have developed a method that cap-
tures the spatial variation of reflection properties
across the surface just from a small number of im-
ages (around 30).
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Figure 7.1: a) Principle setup of a gonioreflectometer: The BRDF of a flat, homogeneous surface is
sampled by varying the position of the light source and the detecting sensor. b) Instead of moving the
sensor, the surface sample is tilted, varying the surface normal. c) In image-based BRDF measurement
the sensor is replaced by a camera which captures many samples of the BRDF at one shot since the
surface is curved, resulting in a different normal at each pixel.

The goal is to determine the BRDF of each sin-
gle surface point or texel. However, instead of
trying to measure the BRDF for each texel sepa-
rately, we first measure the BRDF of whole groups
or clusters of surface points.

The approach is motivated by the fact that many
man-made objects and even quite a lot of naturally
grown objects are composed of only a few visually
distinguishable materials or mixtures of them. The
partitioning of surface points into clusters of sim-
ilar material is the first step of the algorithm. In a
Lloyd iteration the clusters are separated based on
their actually measured BRDF samples. The mea-
surements of each texel are compared to the current
estimate of the cluster BRDF in order to decide to
which cluster it might belong. While in theory a
clustering based on the diffuse color is possible,
taking into account the full BRDF is much more
reliable and can resolve the clustering problems
even for materials where only the specular compo-
nent is different as demonstrated in Figure 7.2. A
complete description of how the clustering is per-
formed can be found [LenschO3].

Given a partitioning of the surface points into
a finite number of clusters, a single image of a
curved object already yields a more or less dense
sampling of the clusters’ BRDFs, like in the image-
based measurement approach for homogeneous
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materials. Multiple images have to be taken to in-
crease the sampling rate concerning the incident
and outgoing directions, and at the same time to
ensure that each point on the surface is visible in at
least one image. The number of images necessary
for the sampling rate in many cases matches the
number of images required to fulfill the visibility
constraint.

After clustering, the parameters of a BRDF
model are determined for each cluster by non-
linear optimization using all samples of texels
within one cluster.

7.1.3 Adding Spatial Variation

Unfortunately, we are not done by just measur-
ing and representing the BRDFs of material clus-
ters. Assuming that all texels within one cluster
show the same reflection properties does not result
in realistic images since real surfaces exhibit sub-
tle changes like dust or impurities even within the
same material. Additionally, smooth transitions
between materials should be modeled.

Again we have to determine the BRDF of each
surface point separately. However, the small num-
ber of images yields only a very small number of
samples of the BRDF of single texels (3-10 sam-
ples on average). These are clearly too sparse to



SIGGRAPH 2005 Course Realistic Materials in Computer Graphics

Figure 7.2: Measured bathroom tile. The entire tile has the same diffuse color but distinct specular
components for the background and the design. Left: No pattern is visible if the diffuse reflection
is dominant. Middle: The differences come out only in highlight regions. Right: Close to the mirror
direction the narrow specular lobe of the pattern is brighter than the background. The patterns is reverted.

represent the BRDF directly using scattered data
interpolation. Even fitting the parameters of a
BRDF model will not work reliably for so few
samples.

In order to model the spatial detail, we repre-
sent the BRDF at a single texel as a mixture of the
BRDFs that were measured for the clusters. As
the cluster BRDFs are blended by a weighted sum,
we now have to determine the optimal weights for
each texel. Most often a very small set of samples
is enough to compute these weights reliably.

Even if there are too few samples for a texel,
a plausible BRDF can be obtained since the sum
is formed by reasonable BRDFs determined for
whole groups of texels with a large number of sam-
ples. Further details on the representation can be
found in the attached paper.

7.2 Acquisition

Before fitting any parameters to samples, the sam-
ples have to be acquired. In this section we give a
brief overview over the necessary steps, consisting
of 3D scanning, calibration, high-dynamic range
imaging, and so on.

We obtain the 3D models with a structured light

Figure 7.3: Picture of the acquisition setup in a
photo studio covered with dark felt (from left to
right): point light source, metal spheres for light
source tracking, object to be measured, digital still
camera.
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3D scanner and a computer tomography scanner
both generating dense triangle meshes. The trian-
gle meshes are smoothed [Garland97, Kobbelt96],
manually cleaned, and decimated.

All images are acquired in a measurement lab
(see Figure 7.3) using a professional digital cam-
era. An HMI metal halide bulb serves as point light
source for the BRDF measurements. The interior
of the photo studio is covered with dark and dif-
fusely reflecting felt to minimize the influence of
the environment on the measurements.

Several views of each object are captured with
different camera and light source positions. Light
source and camera are positioned manually, which
is however easily possible since only a few differ-
ent views are required. For each view we acquire
three sets of images: one image of the object’s sil-
houette to register the 3D model with the images,
and two images to recover the light source posi-
tion (see Section 7.2.1). We then acquire a high
dynamic range image of the object lit by the point
light source by taking a series of photographs with
varying exposure times [Debevec97]. One high
dynamic range image of a gray card with known
camera and light position is taken in order to allow
for an absolute calibration of the reflectance.

In addition, a series of calibration images of a
checkerboard pattern is taken whenever the lens
settings are changed. The calibration method pro-
posed by Zhang [Zhang99] is used to recover the
intrinsic camera parameters.

To register the images with the 3D model we use
a silhouette-based method [Lensch00] that yields
the camera position relative to the object.

7.2.1 Recovering the Light Source
Position

In order to recover the position of the point light
source, a geometric approach was used which re-
quires no user interaction. Six steel spheres of
known, equal diameter are used (see Figure 7.3).
A metal fixture manufactured using a CNC milling
machine ensures that the spheres are lying exactly

spheres spheres
Suavs ST

highlights

point light

’ camera

a) b)

X' camera / ring flash

Figure 7.4: a) the ring flash mounted on the camera
yields a highlight in the center of the spheres. b)
rays from the camera to the light source highlights
will be reflected to the point light.

on a straight line, and are separated by the same
known distance.

For each view two images of the spheres are ac-
quired. One view shows only the reflection of the
point light source in the spheres. For the second
view a ring flash mounted on the camera lens pro-
duces a highlight on the center of each sphere. The
exact centers of these reflections in the images are
determined automatically by fitting ellipses to the
highlights.

Given the intrinsic parameters of the camera, the
pixel coordinates of the reflections of the ring flash
define rays in space on which the centers of the
spheres are located (see Figure 7.4a). Knowing
the distance between the spheres we can triangu-
late their positions relative to the camera.

Now, rays are sent from the camera to the posi-
tions of the light source highlights and reflected off
the spheres. The light source position is located at
the intersection of the rays (see Figure 7.4b). To
increase the stability of this method more than the
three necessary spheres are used and a least squares
approximation is computed.

After measuring the light source position the
metal spheres are covered with black cloth in or-
der to avoid disturbing the acquisition of the HDR
images.
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Figure 7.5: Due to registration errors and impre-
cise 3D geometry depth discontinuities may cause
problems. Data near depth discontinuities have to
be discarded because it is not clear whether the
front or the back part of the surface is visible at a
point close to depth discontinuities (a and b). The
same also applies to shadow boundaries where it is
not clear where the shadowed area ends.

7.3 Resampling

After acquisition of the geometric model, high dy-
namic range image recovery, and registration, it is
necessary to merge the acquired data for further
processing. For each point on the model’s surface
we collect the available information from all the
images where the point is visible and lit.

How the points for which the data is collected
are determined in order to best match the resolu-
tion of the input images and what data actually is
stored per texel is described in the attached paper
(Section 4).

Here, we want to point out some important is-
sues that have to be considered when resampling
the data of the input images and combining it with
the geometry.

7.3.1 Discarding Data at
Depth Discontinuities

In order to increase the quality of the resampled
data it is sometimes necessary to discard some of
the input data. Especially near depth discontinu-
ities the resampled data is prone to registration er-
rors and imprecise 3D geometry. If the 3D model
is not perfectly aligned with the 2D image, the part
of the surface that is visible in one pixel may not
correspond to the surface part predicted by the 3D
model. In the case of depth discontinuities the
visible part and the predicted part will not even
be adjacent (see Figure 7.5a). Radiance samples
would then be assigned to completely wrong sur-
face points or texels.

Furthermore, since a sensor element of the cam-
era always integrates over a finite area, the radiance
values reported at depth discontinuities are never
reliable even if the registration with the 3D model
were perfect. Thus, it is necessary to discard the
image data at depth discontinuities as depicted in
Figure 7.5b. The depth discontinuities are easily
detected since the 3D model of the object is given.

The same approach also applies to the shadow-
ing problem. Here, depth discontinuities result in
shadow boundaries whose position can only be de-
termined up to some uncertainty. Hence, also pix-
els near shadow boundaries have to be discarded
(Figure 7.5c and d). They can be determined by a
filtered shadow map.

The results of removing samples at depth dis-
continuities are displayed in Figure 7.6. Note that
the dark stripes on the dress and across the hand
have been removed by this step.

7.4 Conclusion

Putting it all together, the complete pipeline for the
BRDF measurement of spatially varying materials
consists of the following steps: After the acquisi-
tion of geometry and images, and the resampling,
the surface points are clustered into groups show-
ing similar reflection properties. The parameters

64



Chapter 7: Heterogeneous Isotropic BRDFs

Figure 7.6: Left: Dark stripes on the dress and on the hand are due to depth discontinuities. Right: By
discarding samples at depth discontinuities and shadow boundaries these effects have been removed.

of a BRDF model are fit to the acquired samples of
each cluster. Finally, spatial variation is obtained
by representing the BRDF of each single point as a
weighted sum of BRDFs of the cluster. Please re-
fer to the original paper for more presentations of
results.
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Technique B 5 | E|E & 2| 8| 2|2
[Sato97] sparse PL | - | - patch + | - |- s
[Lu9s] sparse PL | - | - object + |+ | - | s
[Yu98] sparse E | +] - object + | - |- s
[Yu99] sparse E | +] - patch + |+ |- | s
[Marschner00a] sparse PL | - | - patch + | - |- s
[Gibson01] sparse E | +]| + patch + | - |- s
[BoivinO1] singleview | E | + | - patch + |+ | -1 s
[RamamoorthiO1b] sparse E | - |+ object + | - |- s
[NishinoO1] sparse E | - |+ object + | - |- s
[Li02] single view | PL | - | - | pixel/clustered | + | - | - | s
[LenschO1, Lensch03] sparse PL | - | - | pixel/clustered | + | - | + | s
[Georghiades03] sparse PL | - | - object + | - |+ | s
[CarceroniO1] sparse PL | - | - object + | - |+ |d
[Debevec00] dense PL | - | - pixel + |+ |+ s
[Miiller03] dense PL | - | - pixel + |+ | -1 s
[McAllister02] dense PL | - | - pixel + |+ | -] s
[Gardner03] dense LL | - | - pixel + | - | -1s
[Goldman04] sparse PL | - | - | pixel/clustered | + | - | + | s
[Debevec04] sparse E | + | - | pixel/clustered | + | - | - | s

Table 7.1: Comparison of algorithms acquiring spatially varying BRDFs. BRDF measurements are
performed using point lights (PL), a linear light source (LL) or allowing arbitrary environments (E).
Interreflections are most often ignored when a point light is applied. Only a few techniques recover
BRDFs and incident illumination at the same time. Major differences are with respect to the variation
of the specular part which is frequently restricted to be constant over some surface area.

66



Chapter 8

Translucent Materials and BSSRDFs

Michael Goesele

8.1 Introduction

Light interacts with ideal opaque objects purely
locally — it is scattered at the point of incidence
according to the bidirectional reflectance distribu-
tion function (BRDF) [Nicodemus77]. In contrast,
light passes straight through transparent objects
(e.g., glass) and is only reflected or refracted at
material boundaries. Many daily life objects (e.g.,
milk, skin or marble) are translucent and belong to
neither of these categories. They are characterized
by multiple light scattering inside the object. This
subsurface scattering behavior leads to a very dis-
tinct appearance which is visually important: light
shines through objects, they appear smooth and
surface details are hidden (see Figure 8.1 for an
example of the same object with and without sub-
surface scattering).

8.2 Models for Translucent
Objects

Translucent objects can be modeled by defin-
ing their basic physical properties (e.g., the
absorption and scattering cross sections o,

and os [Ishimaru78]) for each point in-
side their volume. A variety of rendering
techniques such as finite element methods

[Rushmeier90, Sillion95, Blasi93], bidirectional

Figure 8.1:
model with and without subsurface scattering un-
der identical illumination conditions. The object
was covered with fine dust to “turn off” subsurface
scattering. Much surface detail is hidden by the
translucency.

Photographs of an alabaster horse

path tracing [Hanrahan93, Lafortune96], photon
mapping [Jensen98, Dorsey99], Monte Carlo
simulations [Pharr00, Jensen99], or diffusion
[Stam95, StamO1] are able to simulate the effects
of subsurface scattering based on physical princi-
ples. Subsurface scattering can also be integrated
in the framework of precomputed radiance transfer
[Sloan03a].

Alternatively, it is sufficient to record the vis-
ible effects of subsurface scattering. Translu-
cent objects can be modeled using a bidirectional
scattering-surface reflectance distribution func-
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L

Figure 8.2: Geometric configuration of a BSSRDF.

tion S(&;, w;; o, w,) (BSSRDF, see Section 8.3)
[Nicodemus77] that relates irradiance at a surface
position Z; to the reflected radiance at &, for ar-
bitrary incoming and outgoing directions w; and
wo. The complexity of this 8D function makes
handling it quite cumbersome. Many image-based
acquisition and rendering techniques are able to
record and reproduce some aspects of translucent
objects — see e.g. Chapters 9, 11 and 12 for an
overview.

8.3 The BSSRDF

The bidirectional scattering-surface reflectance
distribution function (BSSRDF) [Nicodemus77]
provides a general model of light transport inside
an object and is defined as follows:

AL (B
S(l'i;wi;l'mwo) = ﬁf‘dj; (81)

The BSSRDF S is the ratio of reflected radiance
L™ (Z,,w,) leaving the surface at a point Z, in di-
rection w, to the incident flux & (¥;, w;) arriving
at a point &; from a direction ;. The unit of S is
[m=2 . sr~1]. Note that the BSSRDF is closely
related to the reflectance field [DebevecO0] (see
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Chapter 12). The only difference between them is
that a reflectance field does not need to be attached
to a real surface A.

Given the incoming radiance L (Z;, @;) and the
BSSRDF § for an object, the outgoing radiance
L~ (%,,w,) at a point &, in direction &, can be
computed by integrating over the whole surface A
and all incoming directions {2

(20, W) / / L™ (Z;,w

S(Zi, Wiy oy Wo) (N - ;) dw; dT;.
(8.2)

The BSSRDF varies also with the wavelength
A of the incoming light. Apart from multi-
spectral applications, this dependence is in com-
puter graphics often approximated by defining
and evaluating the BSSRDFs separately per color
channel. To include fluorescence and phosphores-
cence where light within a range of wavelengths
is absorbed and re-emitted at some later time in a
different range of wavelengths would require addi-
tional parameters.'

'Fluorescent materials re-emit the light no later than 10 ns
after absorption whereas phosphorescent re-emit the light af-
ter more than 10 ns — sometimes even after hours.
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Figure 8.3: Single vs. multiple scattering. Left:
Material dominated by multiple scattering (al-
abaster block). Right: Glass of honey whose op-
tical properties are dominated by single scatter-
ing. Both objects are illuminated from the left by a
laser beam. Note that the direction of the incoming
beam is clearly visible in the right images.

8.3.1 Single vs. Multiple Scattering

A BSSRDF is often used to model the light trans-
port in optically dense scattering materials such
as skin or marble. The photons interact with the
object’s material so that after multiple scattering
events, their propagation direction does not depend
any more on the incoming illumination direction
w; [Ishimaru78]. It is therefore sometimes conve-
nient to split S into a sum of a single scattering
contribution S and a multiple scattering compo-
nent Sy

S(fu dji;£0> (-‘Do) =

S(l) (fz, L:JZ, fg;djo) + Sd(fud}’u fO')dJO)'

They can then be treated separately, e.g., using a
ray tracing approach to evaluate S(!) and a mul-
tiple scattering model such as the dipole approx-
imation described in the following section for Sy
[JensenO1]. The different behavior of single and
multiple scattering is also illustrated in Figure 8.3.

8.4 Dipole Approximation

Unlike for BRDFs (see Chapters 6 and 7), gen-
eral BSSRDF models that can be used to describe
the reflection properties of subsurface-scattering
material are rare. Jensen et al. [JensenOl] in-
troduced a model for the diffuse light propaga-
tion Sy in translucent materials to computer graph-
ics that is now widely used. The model assumes
an infinite half-space of homogeneous, optically
thick material with given material properties (re-
duced scattering coefficient o, absorption coeffi-
cient o, relative index of refraction 1 — see Ishi-
maru [Ishimaru78] and Jensen et al. [JensenO1] for
a description of these parameters and a method to
recover them for real materials). Light propagation
is modeled by a dipole approximation as follows:

— A — A 1 ~ e A
S(Zi, wis T, wo) = ;Ft(nvwi)Rd(wiaxO)Ft(naWO)

(8.3)
L. a/ e_o't'rdr
Rd(ZEi,.’EO) = E Zr(l + Utrdr)T
e*Utrdv
+ Zv(l + Utrdv)d—3
(8.4)

Figure 8.4 shows the geometrical configuration of
the setup and Figure 8.5 defines the remaining pa-
rameters. An example evaluation of the model us-
ing measured parameters for marble taken from
[JensenO1] is given in Figure 8.6.

8.4.1 Determining Physical Material Pa-
rameters

The dipole model is now widely used in render-
ing systems to approximate multiple scattering in
optically dense translucent materials. Like other
physically based rendering approaches, it requires
however knowledge of the relevant material prop-
erties. Jensen et al. [JensenO1] built therefore a
measurement setup to determine the reduced scat-
tering coefficient o/, and the absorption coefficient
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Figure 8.4: The geometry of the setup for the BSSRDF model of Jensen et al. [Jensen01].

z = 1/o}
Zv = zp+4AD
dr = ||:Z:"’ - foH’ Wlth -i{r == f@ - Zrﬁi
dy = |7y — 2o, with ¥, = Z; + 2,7
A = 1+ Fdr
1- Fdr
1.440 0.710
Fy = ——— +—— +0.668 4 0.06367
n n
D = 1/3c;
O = 1/3040]
O'; = 04+ 0’;
o = olfo]

Figure 8.5: Additional definitions used in the BSSRDF model of Jensen et al. [JensenO1]. See text for
more details.
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Figure 8.6: The BSSRDF model of Jensen et al.
[Jensen01] evaluated for marble. The graphs show
the diffuse reflectance due to subsurface scatter-
ing Ry for a measured sample of marble with
0.=(2.19,2.62,3.00), 0,=(0.0021,0.0041,0.0071)
and n=1.5 (parameters extracted from [Jensen01]).
Rg4(r) indicates the radiosity at a distance r in a
plane, due to unit incident power at the origin.

o, for various materials. Their setup illuminates a
small surface area of a flat material sample with a
tightly focused beam of white light along the sur-
face normal. The resulting light distribution on the
surface is observed by digital camera using a high-
dynamic range imaging technique [Debevec97].
Physical parameters are determined from the ac-
quired samples using a diffusion model of the mul-
tiple scattering process [Farell92]. [Jensen0O1] con-
tains also a table with reduced scattering and ab-
sorption coefficients for 12 materials.

8.5 Hierarchical Model for Multi-
ple Scattering

Under the assumption of diffuse multiple scatter-
ing inside the object, light transport can be mod-
eled using the 4D diffuse subsurface reflectance
function R4(%;,Z,) as described in Equation 8.3.
In the following section, we will introduce a
method to measure R;(Z;, Z,) per color channel
for all incoming and outgoing surface locations Z;
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and Z,. The target object is illuminated at a sin-
gle surface point Z, with known incident radiance
L= (&, ;) and we can record L™ (Z,,&,) on the
object’s surface.

Storing and rendering the full 4D function R,
with high resolution is impractical. The nature
of optically dense translucent objects (see Fig-
ure 8.7) however makes R,y well suitable for a hi-
erarchical modeling approach: R, will typically
vary strongly in the proximity of Z; due to the
exponential fall-off of radiosity inside the scat-
tering volume. In distant areas, I?4 varies quite
smoothly. Sharp features are usually caused by
inhomogeneous material properties within a small
volume dV on and right below the object’s surface
at Z; and Z,. All photons pass through these vol-
umes and their influence is significant (see Feng et
al. [Feng93] for a study of photon path distribu-
tions within scattering material).

8.5.1 Discretization of Light Transport

The hierarchical BSSRDF model is based on a dis-
crete version of the integral expression in Equa-
tion 8.2 with the diffuse scattering assumption
from Equation 8.3. For each hierarchy level, we
introduce a set of basis functions for the discretiza-
tion. Multiple discrete representations of the same
data are of course redundant but allow us to adapt
the sampling density to the smoothness of R;. Ap-
propriate blending will be necessary for correct re-
sults when combining them into a single model.

On the finest level of the hierarchy we generally
employ a set of piecewise constant basis functions
assuming a sufficiently high sampling density to
model the objects response in the vicinity of an in-
coming light impulse. At coarser levels, which will
be used to represent the smoother global response,
we use more elaborate basis functions such as hat
functions.

For the discretization, we first reformulate Equa-
tion 8.2 in order to be able to address the irradiance
E(%;) collected at a surface point &; and the ra-
diosity B(Z,) at the outgoing surface position &,
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Figure 8.7: Light propagation in translucent objects. All photons incident at Z; and exiting at £, must
pass through two small volumes dV around #; and &, while their paths are spread out inbetween.

individually:

— = N ]' A —
L (wmwo) = _Fto(nawo)B(xo) (85)

/ Ry(%;, Z,) E(Z;)dZ; (8.6)

E(xz) /(VZL‘_(:El7wl)Ftl("77wl)<nZ W'L>dwz

+(&)
8.7
For each of the discretizations we first choose a
set of spatial basis functions v, (Z) and project the
irradiance F/(Z;) onto the chosen basis:

The coefficients F, are found by calculating
scalar products of E(&;) with dual basis functions

u _’Z u _’\7/ _’Z

2The dual basis functions are the unique set of linear com-
binations of the primary basis functions 1 (Z) that fulfill the
orthonormality relations f 4 Yu (:f)z[}v (Z)dZ = dyv. The Kro-
necker delta function ,,, is defined as d,, = 1 if u = v and
duv = 0 otherwise.

(8.8)

Equation 8.6 is then transformed into a matrix-
vector multiplication:

Bv = Z EuFu,v
u

with throughput factors

(8.9)

//d}u i) Ra l’z,l‘o)ﬂJU(.To)dl‘odl’Z
(8.10)
The radiosity B(Z,) at surface position Z, is re-

constructed as
~ > Bythy(T,
v

The conversion of radiosity into outgoing radiance
L~ (%,,w,) for a particular direction &, can then
be performed according to Equation 8.5.

(8.11)

8.5.2 Modulation of Smooth Hierarchy
Levels

Using a coarse hierarchy level to model the scat-
tering behavior of an object will lead to a smooth
radiosity distribution on its surface (depending on
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HDR Camera x

Laserprojector

Turntable with Object

Figure 8.8: Acquisition setup. The laser projector illuminates the target object (resting on the turntable).
The scene is observed by the HDR video camera from several positions. The two spotlights visible on
both sides of the camera in the right image are used to illuminate the object during silhouette detection.

the sample spacing and the chosen set of basis
functions 1,,(Z)). For an object with inhomoge-
neous scattering properties, that exhibits high fre-
quency variations on the surface as shown in Fig-
ure 8.7, this will lead to a too smooth reconstruc-
tion hiding important details.

If we assume that the high frequency variations
depend on the properties of a small volume dV (Z,)
surrounding an exitant surface location &, the ef-
fect of the details is independent of Z; and applies
to all discretized radiosity contributions B,. We
can therefore introduce a modulation factor 7,(%,)
that modulates the computed radiosity for each sur-
face location. Using Equation 8.6, T},(Z,) should
be chosen such that the objective function

0= / Ry, o) B(T)d; — T)(Z,)
A

: Z <¢v(fo) : Z EuFu,v>

’ (8.12)

is minimal for all incoming surface positions ;.

one hierarchy level is now approximated by
iz A 1 . L
L7 (%o,0,) %;Ft,o(mwo) Ty(Z5)

: Z (wv(fo) . Z EuFu,U> .

’ (8.13)

8.6 DISCO Acquisition System

In this next sections we will describe DISCO
— a method to acquire a model for real world
translucent objects introduced by Goesele et al.
[Goesele04]. The system employs a laser pro-
jection system to sequentially illuminate individ-
ual surface locations #, with a narrow beam of
light (see Figure8.8 for an overview over the ac-
quisition setup). Under the assumption of diffuse
light propagation inside the translucent object, the
objects impulse response corresponds to the dif-
fuse subsurface scattering reflectance function R,.
The outgoing radiance can be captured by a high-
dynamic range video camera. Given the observa-
tions of the HDR video camera, we can now de-
termine R4(Z;, Z,) for all visible surface locations

Overall, the outgoing radiance L~ (Z,,w,) of and store them in the hierarchical model.
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Figure 8.9: Left: Rendering of the horse model ac-
quired by the DISCO method. Differences in ma-
terial are clearly visible when the object is lit from
behind. Right: Photograph of the horse sculpture
taken under similar lighting conditions.

8.6.1 Acquisition Results

Figures 8.9, 8.10, and 8.11 show renderings of two
acquired models — an alabaster horse sculpture and
a starfruit (carambola). The alabaster horse has
strong variation in its subsurface scattering prop-
erties and complex geometry. It consists of regions
with varied translucency and contains cracks in-
side the material. The starfruit is an example of
a translucent biological object with concave geom-
etry and a relatively specular surface. It is evident
that the acquisition system and the proposed hier-
archical model reproduce the multiple scattering
behavior quite well. Artifacts are however visi-
ble for surface areas with non-diffuse BRDF and
strong single scattering contribution as these ef-
fects are not included in the scattering model.

Figure 8.10: The horse model with two hierarchy

levels. Top: Irradiance, local light transport by
filter kernels, and global light transport due to a
global throughput factor matrix. Bottom left: Com-
bined rendering of local and global term. The local
light transport adds surface detail and gives an im-
pression of the material properties at the object’s
surface whose basic structure is also visible in the
global term. Bottom right: Photograph of the real
object under similar conditions. A slide projector
was used to produce the sharp shadow boundary.

Figure 8.11: Starfruit model. Left: The hierarchi-
cal model of the starfruit is illuminated from the
front right. Right: The same model illuminated
from the back.

74



Chapter 9

Transparent and Specular Materials,
Environment Matting

Yung-Yu Chuang

In this chapter, we describe methods for captur-
ing object’s light transport due to refraction and
reflection. One naive way is to acquire an ac-
curate 3D geometric model and accurate refrac-
tive indices or reflective properties for the ob-
ject. However, obtaining these quantities in itself
may be very difficult. Instead of capturing the
3D shape and material properties, in this chapter,
we describe techniques for environment matting, a
method to parameterize surface reflectance and re-
fractive properties of the object into a 2D matte for
a fixed viewpoint.

Environment matting is a generalization of tradi-
tional bluescreen matting. In contrast to traditional
matting, it captures not just a foreground object
and its traditional opacity matte from a real-world
scene, but also a description of how object refracts
and reflects light, which we call an environment
matte. Figure 9.1 shows a water goblet captured
by traditional matting and environment matting.

9.1 Introduction

Matting and compositing are fundamental opera-
tions in graphics. In the matting process, a fore-
ground element of arbitrary shape is extracted from
a background image. The matte extracted by this

(b)

Figure 9.1: Comparison of traditional matting and
environment matting. Traditional mattes (a) only
model the color blending effects for transparency
while environment mattes (b) also record how light
from the surrounding environment interacts with
the object.

process describes the opacity of the foreground el-
ement at every point. In the compositing process,
the foreground element is placed over a new back-
ground image, using the matte to hold out those
parts of the new background that the foreground
element obscures.

Although matting and compositing have proven
tremendously useful in film, video, and computer
graphics production, they nevertheless fail to sim-
ulate two key effects that are essential for realism:
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e refraction, exhibited by transparent objects;
and

o reflection, exhibited by shiny objects, objects
seen at a grazing angle.

Moreover, in the case of translucent or glossy ma-
terials, refraction and reflection are further coupled
with various light scattering effects. For colored
materials, refraction and reflection may also ex-
hibit selective attenuation and scattering of light,
according to wavelength.

In 1999, Zongker et al. [Zongker99] introduced
environment matting and compositing, a process
which generalizes the traditional matting and com-
positing processes to incorporate all of these ef-
fects. The resulting environment matte record how
a foreground object refracts and reflects light. With
the environment matte, the foreground object can
then be placed in a new environment, where it will
refract and reflect light from that scene.

9.2 The Environment
equation

matting

We begin by developing a general expression for
the environment compositing equation and show-
ing how it reduces to the traditional compositing
equation.

An imaging system, such as a CCD camera,
records a discrete set of samples over an image
plane. Let’s assume for the moment that we have a
camera that measures the irradiance at each wave-
length separately. Then, for a given pixel p, the
camera records a value C' for each wavelength.!
Following the environment mapping work of Blinn
and Newell [Blinn76], we can express this color in
terms of an infinitely distant environment illumi-

"Throughout this chapter, the derivations of equations are
for a pixel p of the foreground plate. For example, C is for
C(p) and W () is for W (z; p). Exceptions are F(w) and
B(x), which represent the environment and are hence inde-
pendent of p.

nation F(w),

C = /W(w) E(w) dw . ©.1)
The weighting function W comprises all means of
transport of environment lighting from all direc-
tions w through a foreground object to the cam-
era, including any blurring due to the camera optics
and area integration at a sensor cell. This equa-
tion holds under the assumption that none of the
materials that are scattering light from the environ-
ment exhibit any wavelength coupling (e.g., fluo-
rescence).

Next, we rewrite this equation as a spatial inte-
gral over a bounding surface (e.g., an environment
map). Further, we augment the equation to include
an additive foreground color F'. This foreground
color is typically due to some additional lighting
that is separate from the environment map, though
it could encompass object emissivity as well. Un-
der these assumptions, our equation becomes

C =F + /W(:L') B(x)dx, 9.2)
where B(x) is the environment map. In this chap-
ter, for simplicity, we restrict ourselves with the
situation that the environment map consists of only
the background face, but it is not difficult to extend
to a full environment. We call this equation envi-
ronment matting equation. From this equation, we
can develop a series of approximations that allow
us to embed a foreground object in a new environ-
ment with varying degrees of quality.

To arrive at the traditional compositing equa-
tion [Brinkman99], we assume that the straight-
through background pixel is the only environment
sample that affects the camera pixel. Let [, be the
rectangular-area support of the pixel p on the back-
ground. We describe the (in this case, monochro-
matic) weighting function as

W(x) = (1—a)Il(x;M,), 9.3)

where « represents the foreground’s transparency
or partial pixel coverage, and II(x; A) is the box
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function of unit volume supported over an arbitrary
axis-aligned area A. Next we define M (B, A) as
the “texture-mapping operator” that performs the
area integral and returns the average value of the
texture B over region A,

M(B, A) = /H(:c;A)B(az)d:r:. 9.4)

Finally, defining the filtered background B to be
the integral over the pixel’s support,
B = M(B,M,), 9.5)
and substituting the previous three equations into
equation (9.2), gives the traditional compositing
equation,
C =F+ (1-a)B. 9.6)
Note that « typically does not have any wave-
length dependence and thus cannot model color-
filtered transparency. In addition, F' is a measured
quantity that is added directly to the attenuated
background—in effect, it is pre-multiplied by a.
Environment matting approaches often involves
making assumptions on the weighting function,
simplifying the environment matting equation,
photographing the object in front of a series of
different backgrounds and estimating the environ-
ment matte by observing how the backgrounds are
distorted. The backgrounds can be either con-
trolled (active approaches) or uncontrolled (pas-
sive approaches). In the next two sections, we will
discuss these approaches.

9.3 Active approaches

Active approaches estimate the weighting func-
tion by photographing the object in front of a se-
ries of controlled stimulus backdrop patterns dis-
played by a light emitter (usually a monitor) as
shown in Figure 9.2. In what follows, we call
the displayed stimulus patterns the backdrop im-
age, and the image of the foreground object in front

Figure 9.2: A photograph of the experimental
setup used to capture environment mattes. The
camera in the foreground photographs objects sur-
rounded by stimulus backdrop patterns displayed
on the computer monitors. The image is processed
to extract only the area covered by the backdrop
pattern, resulting in an image as shown in the in-
set.

of the backdrop the object image. These methods
mainly differ in what approximation is made on the
weighting function and how the stimulus backdrop
function is designed accordingly to reconstruct the
weighting function.

9.3.1 Hierarchical environment matting
(HEM)

In their pioneer paper, Zongker et al. [Zongker99]
introduce the first environment matting method by
approximating the weighting function as

W(x) = (1—a)(z;M,)+RII(x; A), (9.7)

where A represents an axis-aligned region on the
background and R is reflectance coefficient de-
scribing the amount of light from the designated
area of background that is reflected or transmitted
by the object at a given wavelength. In this for-
mulation, R captures color-filtered transparency,
and « represents only partial pixel coverage of the
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object. Substituting this weighting function into
equation (9.2) gives the environment compositing
equation used by Zongker et al. [Zongker99],

C=F+ (1-a)B + RM(B, A). (9.8)

Hence, the environment matte for each pixel is rep-
resented by the foreground color F', the partial cov-
erage a, a single reflection coefficient 2 and a nor-
malized box filter on a rectangular support area A
on the backdrop.

To recover the foreground color F' and the re-
flection coefficient 2, we can photograph the ob-
ject against two solid backgrounds . Replacing B
in equation (9.8) with constant colors By and Bj,
we obtain

Cy =
Cy

Ft(1-
Ft(1-

OZ)B(]—{—RB(),
a) By + RB;.

We now have two equations in two unknowns,
which are easily solved for R and F', expressed
here as functions of a:

R(a) =
Fla) =

(Co —C1)/(Bo — B1) —
Co—(1—a+ R(a))B

(1-a)

To determine « for pixels on the boundary and
the axis-aligned rectangle A that best approximates
the reflection and refraction in the scene, an objec-
tive function over a series of n photographed im-
ages for each pixel in the scene is minimized:

E=Y" | C—Fa)-
=1

~ R(a)M(B;, )%,

(1 — Oz)BZ

9.9)

where C; and B; are the colors of the pixel in ques-
tion in the object image and the backdrop image,
respectively, when the ¢-th patten B; is displayed
as a backdrop.

The goal will be to find the rectangular area A
and « that minimize the objective function E. The
rectangle A can be parameterized by its left, right,
top and bottom (I, r,¢,b). The dimensionality can

!IIIIIHIHIH na
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Figure 9.3: Hierarchical horizontal and vertical
stripe patterns used in hierarchical environment
matting [Zongker99].

be further reduced by using horizontal and verti-
cal stripes for backgrounds as shown in Figure 9.3.
Hence, (I, r) can be optimized using only vertical
stripes and (¢, b) can be optimized using only hor-
izontal stripes. To solve the optimization problem,
o is set to nine values, a« € {£(0,1,2,---,8)},
and then (I,7) and (t,b) are optimized for each
«. The combination of («a, [, ,t,b) leading to the
smallest F is used as the environment matte. We
call this approach hierarchical environment mat-
ting because it uses hierarchical stripes as the stim-
ulus function.

This formulation not only permits colored fil-
tering of light, but also enables effects such as
reflection and refraction since the light contribut-
ing to a pixel can be scattered from parts of the
environment other than just the pixel directly be-
hind the object. Hence, it is effective for refrac-
tion, translucency, highly specular, gloss and color
transparency.

This approach, however, does have several dis-
tinct limitations. First, the components of the
weighting function are assumed to be separable
products of wavelength functions R; and spatial
functions II(x; A;). Thus, phenomena such as
dispersion are not handled (Figure 9.7(a)), since
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these require the weighting functions to shift spa-
tially with wavelength. Second, the axis-aligned
rectangle weighting functions do not simulate the
effects of, for example, smooth BRDF’s, which
when mapped onto a background have a smooth,
oriented footprint (Figure 9.7(b)). Finally, other
than the straight-through a-component, the ap-
proach models only a single mapping from the
background to the camera. In reality, multiple
mappings to the same face can and do happen and
must be modeled, for example, when reflection and
refraction at an interface cause view rays to split
into distinct groups that collect light from the same
background (Figure 9.7(c)). In addition, this ap-
proach requires O(log k) (typically about 20) im-
ages for extracting an environment matte of resolu-
tion k x k and thus does not lend itself to real-time
acquisition.

In the following sections, we describe the
follow-on methods attempting to either improve
accuracy of the resulting matte or allow real-time
acquisition.

9.3.2 Real-time
(RTEM)

environment matting

To address the problem of requiring too many im-
ages, Chuang et al. [ChuangO0] introduce real-
time environment matting which requires only one
backdrop. It is interesting for two reasons. First,
it represents a definite, extreme end of the image-
count-versus-accuracy spectrum—a sort of lower
bound on the quality of the whole environment
matting technique. Secondly, unlike a solution that
requires even two or three images of the object,
a single-image solution makes it straightforward
to capture video environment mattes of moving
objects in front of a still, structured background.
Hence, real-time EM could be used to capture
breaking glass, sloshing liquids, and other kinds of
non-repeatable, uninterruptible motions. Although
the data capture itself is real-time, the matte ex-
traction process is performed off-line at a slower
speed. The matte extraction process analyzes the

frames of a captured video and constructs a matte
for each frame.

In the setup for real-time environment matting,
we only have three samples per pixel: red, green,
and blue. The first objective, then, is to simplify
the problem just enough to be solvable—that is, so
that there will be only three unknowns remaining.
Simplifications are chosen to maximize the visual
impact of the final matte.

Starting from Equation (9.8), Chuang et al. first
assume there is no foreground color (the backdrop
is the only light source in the scene) and ignore
the partial coverage around the object boundary
a. Furthermore, they assume that the object is
both colorless and specularly reflective and refrac-
tive (i.e., has no roughness or translucency). If
the object is colorless, then R becomes a scalar
p, with no wavelength dependence. In addition,
pure specularity implies that neighboring pixels do
not have overlapping support in their weighting
functions. If we break the A term into {c, w},
where ¢ = (cz,¢y) is the center of the area and
w = (wy, wy) is the width in « and y. Thus, c is
an image warping function, and w, derived from
the warping function, indicates the size of the filter
support for proper antialiasing [Wolberg90]. The
following approximation are used for w:

Cx (:E -1, y)}
[ey(z,y +1) —cy(z,y — 1)].
Thus, the environment matting equation becomes

C = pM(B,A),

Wy =

~

o)
oy

%CI ~ % [C:E(-T + 17y) -
_ 1

(9.10)

with only three variables p, ¢, and c,.

What kind of stimulus function could we use to
recover all the parameters in this problem? A log-
ical choice would be a smooth function, where we
define smoothness as

M(B,A) ~ B(c) 9.11)

for any area A. Such a function would have the
property under our simplified model that

C ~ pBlc). (9.12)
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Figure 9.4: (a) The smooth color ramp used for
real-time environment matting. b) In reality, the
background colors lie on a 2D manifold within the
rgb cube (c) 2D version of the RTEM algorithm
for constructing environment mattes from a single
image. The observed color C' is projected from
black onto the background manifold. The position
of point C’ on the manifold gives the position z,
and p = OC/OC". (d) Sample composite using
the real-time environment matting technique.

Treating this equation as three equations in 7, g,
and b, we can easily solve for the three unknowns
P, Cz, Cy. Backgrounds that are smooth according
to the definition in Equation (9.11) include con-
stant color functions and linear color ramps. How-
ever, this function must also be invertible, so that
we can identify which pixel we are seeing from its
color. Obviously, a constant color function does
not fill this requirement. Hence, a color ramp
background is used (Figure 9.4(a)). Due to non-
linearities in the system, including crosstalk be-
tween the spectra of the monitor phosphors and
the CCD elements, the gamma of the backdrop
display, and processing in the camera’s electron-

ics, this plane in color space will be distorted, be-
coming a curved 2D manifold lying within the rgb
cube, as in Figure 9.4(b).

To extract matte parameters at each pixel, we
consider the line joining the observed color and the
black point in rgb space. The point where this line
intersects the background-color manifold gives us
the point ¢, and the fractional distance of the ob-
served color to the manifold gives us p, as illus-
trated in Figure 9.4(c). The manifold is difficult to
characterize algebraically, so rather than projecting
the observed color onto it, a multiresolution search
is used to find the point on the manifold closest to
the construction line.

Because a single frame of video captured with
a CCD camera will have considerable noise, this
leads to grainy mattes. To combat this effect,
the extracted warping function, ¢ is smoothed by
an edge-preserving smoothing operator of Perona
and Malik [Perona90]. Finally, heuristics are used
to estimate specular highlights as the foreground
color to add realism. Figure 9.4(d) shows an exam-
ple composite of real-time environment matting.

9.3.3 Gaussian
(GEM)

environment matting

In the previous section, we considered ways to re-
strict the input to just a single image of the object at
the expense of realism. For the following sections,
we will attempt to go the other way— to increase
the accuracy of mattes produced with the environ-
ment matting technique at the expense of increas-
ing the number of input images required.

Inspired by the BRDF fitting work of
Ward [Ward Larson92], Chuang et al. [Chuang00]
approximate the weighting function as a sum of
Gaussians,

(9.13)

This allows any number of contributions from the
background. Here, R; is an attenuation factor, and
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each G; is a normalized, elliptical, oriented 2D
Gaussian,

Gi(x) = Gyp(z; ¢, 04, 6;), (9.14)
where G, is defined as
1 [_i_i]
Gy(z;c,o,0)= el 20u? 2002] (9.15)
2o, 00
with

(x—cg)cosh — (y—cy)sinb, (9.16)
(x—cz)sinb + (y—cy) cos . (9.17)

Here, * = (x,y) are the pixel coordinates, ¢
(cz,cy) is the center of each Gaussian, o
(0w, 0y) are the “unrotated” widths (a.k.a. stan-
dard deviations) in a local uv-coordinate system,
and 0 is the orientation. Figure 9.5 illustrates these
parameters. Thus, the weighting function is some
m-modal Gaussian with each term contributing a
reflective or refractive effect from the object. Sub-
stituting into equation (9.2), we arrive at a new
form of the compositing equation,

C=F+3 R, / G (,1,074,0)B ()dz. (9.18)
=1

The key advantages of this weighting function
over the one used by Zongker et al. are that: (1)
the spatial variation can be coupled with wave-
length to permit modeling of dispersion; (2) it sup-
ports multiple mappings to a single texture; and
(3) it approximates the behavior of BRDF’s more
closely (using oriented Gaussian weighting func-
tions rather than axis-aligned box functions).

In practice, each of the values C, F, R;, ¢;, 0, 0;
and B in equation (9.18) is implemented as an rgb
vector. So, this equation actually represents three
independent equations, one for each of the color
components. Our unknowns are F, R;, c;, 0;,0;,
which means that each pixel encodes 3 + 18m pa-
rameters.

To recover these parameters, Chuang et al. use a
set of swept Gaussian stripes as the stimulus func-
tion. Let’s see how sweeping stripes is used to re-
cover the parameters of the weighting functions.
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Figure 9.5: Illustration of the variables used in re-
covering an unknown elliptical, oriented Gaussian
by sweeping out convolutions with known Gaus-
sian stripes. As a tilted stripe B(x;r) of width
o and position 7 sweeps across the background in
direction s, it passes “under” the elliptical Gaus-
sian weighting function W (x) associated with a
single camera pixel. The camera records the inte-
gral of the product of the stripe and the weighting
function, which describes a new, observed func-
tion C(r) as the stripe sweeps. The center ¢, and
width o, of this observed function are related to the
center ¢ and width o = (0, 0,,) of the weighting
function and the width of the stripe through equa-
tion (9.25).

To begin, let us assume that the weighting function
is unimodal and axis-aligned (m = 1 and 6 = 0).
Under these assumptions, we can decompose the
2D Gaussian weighting function into two 1D com-
ponents,

W(ZB) :RGlD(x; Cx, Uu) GID(y; Cy, Uv) ,(9.19)

where

Gp(z;c,0) =

(9.20)

2o

The first stimulus function will be a vertical stripe
that is constant in ¢ and has a 1D Gaussian inten-
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sity profile in x with width o,

B(z) = Gp(x;0,04) . (9.21)

Now consider sweeping the stripe horizontally,
displacing it at each step by some offset r,

B(x;r)=Gp(x—1;0,05) . (9.22)

The camera observation at a pixel is then given by
/W(a:) B(z;r)dx
RG (15 ¢0,\/ 042 +02).(9.23)

Thus, at each pixel, we expect to record a Gaus-
sian evolving over time. Given an illumination
stripe of known width, we can now estimate the rgb
parameters c,, and o, using a nonlinear optimiza-
tion method such as Levenburg-Marquardt method
[Press92]. By symmetry, we can recover the verti-
cal center coordinate and width by sweeping a hor-
izontal Gaussian stripe in the vertical direction be-
hind the foreground object. Thus, for the case of a
single, unoriented Gaussian weighting function, a
horizontal and a vertical swept Gaussian stripe are
enough to estimate all the remaining parameters of
the environment matte.

Figure 9.5 illustrates the more general case of a
sweeping stripe that is constant in the ¢-direction
and has Gaussian profile in the s-direction. This
stripe is oriented at an angle ¢ with respect to
the xy-coordinate system and travels in the s-
direction. Under these circumstances, it is straight-
forward to show that the observation at a pixel will
be

c(r)

C(r)=RG(r;cr,o.), (9.24)

where
Cr = CpCOSP+cysing, (9.25)
o = \/au2 cos2(¢p—0)+o,2sin?(p—0)+02.

Here, ¢, is the center of the weighting function pro-
jected onto the r-axis, and o, is the projected, con-
volved standard deviation of the observed Gaus-
sian.

Figure 9.6: The horizontal and vertical sweeps
alone (purple) are insufficient to determine the
mode positions, but by adding additional diagonal
sweeps (yellow) the correct modes can be deter-
mined.

Horizontally and vertically swept stripes alone
(¢ = 0° and 90°, respectively) are not enough
to determine the weighting function, two diago-
nal passes at ¢ = 45° and —45° are added. The
additional oriented stripes serve another purpose:
disambiguating multiple mappings to the back-
drop. As shown in Figure 9.6, a bimodal weight-
ing function results in two Gaussian images over
time at a pixel as the stripe sweeps across. If
we use just the horizontal and vertical stripes, the
two modes recorded in each sweep yield multi-
ple indistinguishable interpretations of the bimodal
weighting function. The oriented stripes can also
be used to disambiguate these choices. These
parameters are again estimated with Levenburg-
Marquardt method. Figure 9.7 shows results of this
approach and comparisons with HEM.

9.3.4 Frequency-based environment mat-
ting (FBEM)

Although GEM is capable of acquiring more accu-
rate environment mattes than HEM, it assumes the
weighting function is a sum of Gaussians and thus
places restrictions on the materials that can be ac-
quired. To address this problem, Zhu et al. [Zhu04]
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(a)

(b)

()

hierarchical EM Gaussian EM reference photo

Figure 9.7: Comparisons between the composite results of the hierarchical environment matting, the
Gaussian environment matting technique, and reference photographs of the matted objects in front of
background images. Lighting in the room contributed a yellowish foreground color F’ that appears, e.g.,
around the rim of the pie tin in the bottom row. (a) A faceted crystal ball causes rainbowing due to pris-
matic dispersion, an effect successfully captured by GEM since shifted Gaussian weighting functions
are determined for each color channel. (b) The weighting functions due to reflections from a roughly-
textured pie tin are smooth and fairly broad. GEM handles such smooth mappings successfully, while
HEM based on square-wave illumination patterns and rectangular weighting functions yields blocky
artifacts. (c) Light both reflects off and refracts through the sides of a glass. This bimodal contribution
from the background causes catastrophic failure with the previous unimodal method, but is faithfully
captured by GEM.
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propose frequency-base environment matting. The
principle of FBEM is pretty simple and elegant.
As shown in Figure 9.8, a unique frequency fy is
assigned to each position @ of the backdrop and
a time-evolving function B(x,t) with this par-
ticular frequency, say B(x,t) = cos(27 fgt), is
displayed at x on the backdrop. Assuming F’ is
zero and substituting B(x, t) into Equation 9.2, we
have the time-evolving function C(t) for a pixel of
the object image as:

C(t) = /W(:U) cos(2m fxt),dx.  (9.26)

Thus, C(t) is a sum of several functions with dif-
ferent frequencies. The contribution of each func-
tion B(x,t) to C(t) is proportional to the weight-
ing function W (x). Hence, if we take the Fourier
transform of C'(¢) and look at its spectrum, we can
directly reconstruct the weighting function.

The approach of assigning a unique frequency to
each pixel, however, would require O(k?) images
because of the Nyquist limit. To reduce the num-
ber of images, Zhu et al. assume that the weight-
ing function is separable. Hence, the acquisition
can be divided into two passes. In the first pass,
the frequencies fg only depends on the horizon-
tal component of x. In the second pass, fg only
depends on the vertical component of . Thus,
the number of images is reduced to O(k). How-
ever, although FBEM makes no assumption on the
form of the weighting function as GEM and thus
allows more flexibility, this separability assump-
tion places restrictions on the material properties.
For example, FBEM is not suitable for acquiring
materials with multiple mappings since the corre-
sponding weighting function is not separable.

9.3.5 Wavelet
(WEM)

environment  matting

All approaches we have discussed so far make
certain assumptions on the weighting function.
Hence, they impose limitations on the material

B(x; 1)

L .‘ Hulji( .‘
%WWMW
B4

| spectrum of

1w

Figure 9.8: Illustration of frequency-based envi-
ronment matting.

properties that can be acquired. For example, dif-
fuse surfaces are problematic to these techniques
because diffuse materials have a large area of sup-
port which can be irregularly shaped because of
occlusion and self-shadowing. These irregularly
shaped support areas are difficult to approximate
accurately with the approaches we have discussed.
Peers et al. [Peers03] propose wavelet environment
matting that makes no assumption on the form
of the weighting function at the expense of using
even more backdrops. Theoretically, their method
would require O(k?) backdrops.

Assuming that F' is known in the environment
matting equation (9.2) and leaving it out in the fol-
lowing derivation?, we have

C = /W(ac) B(x)dx. (9.27)
When photographing the object in front of a series
of n stimulus function B;(x), we obtain images

2 F can be estimated by photographing the object when the
backdrop display is turned off.
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B=3a,B,

Bk+3

Figure 9.9: Illustration of wavelet environment matting.

C; with
C; = /W(ar:) B;(x)dx . (9.28)

We observe that if the background image B for
compositing can be written as a linear combination

OfBiI
n
B = ZaiBi,
=1

where «a; are the coefficients associated with each
B;. We can write the composite C' as:

(9.29)

C / W (z) B(x) do

i=

ZCLZCZ

i=1

(9.30)

Hence, instead of representing the weighting func-
tion by a set of parameters, WEM directly rep-
resents the weighting function as a set of n pho-
tographs C; acquired in front of the basis back-
drops B;. During compositing, given a novel back-
ground B, B is projected onto the space spanned

by B; to obtain coefficients a;. Then, the com-
posite can be computed as > ; a;C;. Figure 9.9
illustrates this process.

To efficiently representing images, WEM uses a
set of wavelet illumination patterns B; to exploit
the hierarchical nature for reducing the number of
backdrops. The backdrop patterns shown in Fig-
ure 9.9 are 2D Haar wavelet basis images. In addi-
tion, during acquisition, important patterns are dis-
played first and then an error-tree and a feedback
loop are employed to decide the next wavelet pat-
terns to display based on previously recorded pho-
tographs. Hence, the displayed patterns are deter-
mined on fly, adapting to the observed properties
of the environment matte. This enables WEM to
stop the acquisition process prematurely when the
contribution of the patterns to the illumination is
below some threshold or when the acquisition time
has exceeded a time-limit. In practice, WEM sets a
time limit of 12 hours as the stopping criterion and
found it sufficient for capturing most types of ob-
jects. Typically, 400 to 2400 wavelet patterns are
required.

WEM avoids the use of an optimization proce-
dure for finding parameters of the weighting func-
tions and can represent arbitrary weighting func-
tions. For example, it can model diffuse materials
reasonably well as shown in Figure 9.10. However,
it requires a large amount of storage for the images
C;. As reported by Peers et al. [Peers03], an av-
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(a) (b)

Figure 9.10: A scene containing diffuse surfaces.
The composite (b) of wavelet environment matting
reasonably approximates the photograph (a).

erage of 2.5GB is required for a single object. In
addition, the acquisition time is considerably much
longer than other environment matting methods.

9.4 Passive approaches

The environment matting methods we have dis-
cussed so far are all active approaches, and hence
require carefully controlled backgrounds and a cal-
ibrated laboratory setting. In this section, we de-
scribe passive approaches which extract environ-
ment mattes from a sequence of the object in front
of natural backgrounds and don’t require a control-
lable background.

9.4.1 Image-based environment matting
(IBEM)

Wexler et al. [Wexler02] propose an approach,
called image-based environment matting, to pull
an environment matte from a sequence of images
C; in which a static foreground object is filmed in
front of a moving planar background or by a pan-
ning camera in front of a planar background. For
IBEM to work, the clean plate B; for each frame
C; is required. These clean plates could be ob-
tained by mosaicking the moving-background se-
quence with planar homographies. Figure 9.11 il-
lustrates an example of moving the camera with a
planar background and warping the image (b) to

Figure 9.11: Clean plate estimation and a com-
posite of image-based environment matting. For
the base frame (a), all other frames (b) are warped
using planar homographies to assemble the clean
plate (c) for the base frame. Then, the weighting
function can be estimated and the composite (d)
mimics how the magnifying glass distorts lights.

obtain clean plate (c) for the base frame (a).

Given a series of images C; (Figure 9.12(a))
and their corresponding clean plates B; (Fig-
ure 9.12(b)), for each pixel p of the environment
matte, a probability map F; is built using

P,(q) e ICiwr-Bi@l? (9.31)
where g is a pixel on the background. The resulting
probability map (Figure 9.12(c)) potentially has
many peaks where the color B;(g) on the back-
ground is similar to C;(p). However, since we have
multiple backgrounds, we can integrate these prob-
ability maps P;’s by multiplying them together
(Figure 9.12(f)) to get rid of the false peaks, es-
sentially identifying the locations of the pixel con-
tributing to p on the background. Figure 9.12 (d)
and (e) show the cross sections of the probability
maps and accumulated probability maps for a spe-
cific scanline.

Although, in principle, this formulation allows
arbitrary weighting functions (essentially the in-
tegrated probability map), the way of construct-
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(a)

(b)
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Figure 9.12: Illustration for image-based environment matting.
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asymptotic #  typical #
category | method . . weighting function materials comment
of images  of images
RTEM 1 1 warping function colorless, specularly refractive the only real-time method to date
HEM  O(log k) 20 box filter refraction, translucency, highly o 6\ g method
specular, color transparency
GEM O(k) 600 sum of Gaussians +colo.r dispersion, multiple . good accuracy, reasonable time
mappings and glossy reflection
active duct of t
FBEM O(k) 1,200 Il)]r;) fzﬁcgon‘:o -multiple mappings temporal-domain stimulus function
the most accurate method to date,
WEM O(k?) 1,200 object images +diffuse reflection but it requires long capturing time
and large storage
. IBEM N/A 40 probability map colorless, specularly refractive the first passive method
assive
P ROEM N/A 200 warping function colorless, specularly refractive ~ works with unknown backgrounds

Table 9.1: Summary of available environment matting methods.

ing the probability map restricts the object to be
specularly refractive or reflective. Hence, IBEM
is only effective for capturing colorless specular
objects. Furthermore, though it is passive, IBEM
is a multiple-frame approach, requiring multiple
frames for extracting a single environment matte.
Hence, the object must be static during the acqui-
sition, and the success of this method relies on hav-
ing enough background samples or sufficiently rich
backdrop images.

9.4.2 Refractive optical flow environment
matting (ROEM)

Agarwal et al. [Agarwal04] approximate the
weighting function with an image warping func-
tion similar to RTEM:

W(z) = p(x)d(u - T(z)),

where p is the attenuation factor, §(-) is Dirac’s
delta function and 7" is the warping function. The
environment matting equation (9.2) can now be re-
written as

C(z,t) = p(x)B(T(x), 1),
and it leads to the refractive optical flow equation:

Cila,t) +v(T(x),1))" T (T(x)))
Vmp(w)
p(x)

(9.32)

(9.33)

VaC(z,t) — C(z,t) =0, (9.34)
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where v(u,t) is the velocity of the point u at
time ¢ in the background plane and J(7T'(x)) is
the Jacobian of the warping function 7'(x). The
refractive optical flow equation (9.34) is indepen-
dent of B(x,t). This means that we can solve
the refractive flow through an object by observ-
ing the distorted versions of the background im-
age without knowing it. Assuming that v(u,t) is
known, we can set up a linear system and solve for
the estimations for the partial derivatives of T'(x)
and p(x). The warping function and attenuation
factors can then be recovered by integrating the
respective gradient fields to construct the matte.
Similar to IBEM, this approach is only effective
for specularly refractive objects.

9.5 Conclusion

Environment matting involves an inherent trade-
off: the amount of input data required versus the
quality of the resulting mattes versus the require-
ment of a controllable background. In this chap-
ter, we describe several environment matting meth-
ods representing several points in the design space,
each with its own strength and weakness. Table 9.1
summarizes these methods.




Chapter 10

Fibers

Steve Marschner

When we think of light reflection in computer
graphics, we usually think of reflection from sur-
faces. But when we are rendering materials like
hair, we generally can’t afford to compute the re-
flection from the surface of each fiber; this would
imply modeling each individual hair as a little tube
and using several samples across the width of the
tube for antialiasing. Instead, hairs are modeled as
1D curves with a small thickness, and light reflec-
tion should be computed for the whole width of the
hair at once. That is, we always assume the hair
is not resolved—that it’s not substantially thicker
than one pixel. What we need from the light re-
flection model is the average radiance across the
width of the fiber, based on the average irradiance
across the width of the fiber.

This amounts to treating fibers as one-
dimensional entities. Of course, they have to have
some width in order to cast shadows and occlude
things. And if we are trying to be physically cor-
rect and account for where all the light energy
goes, we have to think about the fiber’s width
when we figure out how much light is falling on
it. But the actual model for reflection should ab-
stract away the width: it will be a function only of
the incident and exitant directions. This is like a
BRDF, but since these directions can vary over the
whole sphere, things look a bit different. For the
surface, only one direction is normal and a whole

[

/[

5

T~

Figure 10.1: Notation for fiber scattering geometry

circle of directions is “grazing,” but for the fiber
there’s a whole circle of normal directions but only
two “grazing” directions.

Our notation for scattering geometry is summa-
rized in Figure 10.1. We refer to the plane per-
pendicular to the fiber as the normal plane. The
direction of illumination is w;, and the direction
in which scattered light is being computed or mea-
sured is w,; both direction vectors point away from
the center. We express w; and w, in spherical coor-
dinates. The inclinations with respect to the normal
plane are denoted #; and 6, (measured so that 0° is
perpendicular to the hair). The azimuths around
the hair are denoted ¢; and ¢,., and the relative az-
imuth ¢,.— ¢;, which is sufficient for circular fibers,
is denoted Ad.
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Figure 10.2: Geometric setup for reflection from (a) surfaces, in which the reflected light is resolved per
unit area and (b) curves, in which the reflected light is resolved only per unit length.

10.1 Radiometry

Because fibers are usually treated as one-
dimensional entities, light reflection from fibers
needs to be described somewhat differently from
the more familiar surface reflection.

As we’ve seen already earlier in this course,
light scattering at a surface is conventionally de-
scribed using the bidirectional reflectance distri-
bution function (BRDF), f,(w;,w,). The BRDF
gives the density with respect to projected solid
angle of the scattered flux that results from direc-
tional illumination from the direction w;. It is de-
fined as the ratio of surface radiance (intensity per
unit projected area) exiting the surface in direction
wy to surface irradiance (flux per unit area) falling
on the surface from a differential solid angle in the
direction w; (Figure 10.2a):

dL,(w,)

Wi, W) = ———.
f?"( (3 7”) dE,L(u},L)
Under this definition, the radiance due to an incom-
ing radiance distribution L;(w;) is

Ly (wy) = fr(wi,wr) Li(w;) cos 0;dw;

H2

where H? is the hemisphere of directions above
the surface.

Light scattering from fibers is described sim-
ilarly, but the units for measuring the inci-
dent and reflected light are different because the
light is being reflected from a one-dimensional
curve [Marschner03]. If we replace “surface” with
“curve” and “area” with “length” in the definition
above we obtain a definition of the scattering func-
tion f, for a fiber: “the ratio of curve radiance (in-
tensity per unit projected length) exiting the curve
in direction w, to curve irradiance (flux per unit
length) falling on the curve from a differential solid
angle in the direction w;” (Figure 10.2b). The
curve radiance due to illumination from an incom-
ing radiance distribution L; is

Lﬁ(wr) =D /H2 fs(wi, wr)Li(wi) COS Gldw,

where D is the diameter of the hair as seen from
the illumination direction.

The physical units of radiance and curve radi-
ance are also parallel. Irradiance measures the total
radiant power falling on the relevant bit of geome-
try: surface irradiance is power per unit area, while
curve irradiance is power per unit length.

AP (W dP (W
m? dL \m

T dA
Radiance is different in two ways: it is a solid
angle density as well as an area/length density,

E
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and it is measured with respect to area/length pro-
jected in the direction of propagation. Surface ra-
diance has units of power per unit solid angle per
unit projected area, while curve radiance has units
of power per unit solid angle per unit projected
length.

Lo @EP (W &P (W
 dALdw \m2sr  dLtdw \msr

Curve radiance is in some sense halfway be-
tween the concepts of radiance and intensity, and
it describes the contribution of a thin fiber to an
image independent of its width. Curve irradiance
measures the radiant power intercepted per unit
length of fiber and therefore increases with the
fiber’s width. Thus, given two fibers with identical
properties but different widths, the two will have
the same scattering function but the wider fiber will
produce a brighter curve in a rendered image, be-
cause the fiber intercepts more incident light. This
is consistent with the behavior of real fibers: very
fine hairs do appear fainter when viewed in isola-
tion.
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Chapter 11

Bidirectional Texture Functions

Gero Mueller

Figure 11.1: Images of a corduroy cloth under
different lighting and viewing directions projected
onto a common plane, i.e., samples of the mate-
rial’s BTF.

11.1 Introduction

Most standard graphics applications model materi-
als with spatially varying appearance using a sin-
gle texture only, i.e., a single image of the mate-
rial taken under one given illumination condition.
Assuming that the color values of the texture rep-
resent the diffuse albedo of the material this ap-
proach is only able to capture the reflectance field

of a flat Lambertian surface. In contrast real ma-
terials are neither flat nor ideal diffuse but exhibit
complex surface structures and reflectance charac-
teristics that are responsible for their unique look-
and-feel (Figure 11.1 shows an example).

Many different techniques have been developed
over the years to cope with the deficiencies of sim-
ple diffuse texture mapping and to increase the
realism of material rendering. E.g., bump map-
ping simulates variation of outgoing radiance due
to changing surface normals, displacement map-
ping models occlusion effects, and volume based
techniques can be used to render arbitrary com-
plex non-heightfield geometry. Nevertheless, all
these improvements share the same problem of
how to generate the input data. Capturing the
small-scale geometry of materials is currently pos-
sible for a limited class of materials only using,
e.g., shape-from-shading and related techniques.
Modeling the geometry explicitly is practical for
special types of surfaces like fur or hair only, where
procedural modeling tools are available. But even
if the material’s geometry is at hand or the material
is flat enough to neglect it, the correct simulation
of light transport on this surface requires additional
information about the scattering characteristics at
every point on the surface which again has to be
modeled or captured somehow.

The image-based solution to these modeling
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problems is taking images of the material of in-
terest under controlled viewing and lighting con-
ditions in order to sample its reflectance field
more densely.  For example Malzbender et
al. [MalzbenderO1] captured the lighting variabil-
ity of a texture by taking images lit from different
directions and compressed the data to a compact
representation called Polynomial Texture Maps. If
also the viewing direction is varied we arrive at the
Bidirectional Texture Function (BTF), which was
introduced by Dana et al. [Dana97] as a general
texture representation for computer vision tasks
and rendering.

Mathematically the BTF can be expressed as a
measured 6D-slice of the general 8D-reflectance
field RF, g, (x; — Xo,w; — w,) parameterized
over a planar base surface S (if S coincides with
the physical surface, the reflectance field RF,.g, is
equivalent to the BSSRDF, cf. Chapter 4):

BTFTgb(X, w; — wo)

= / RF, g (x; — X,w; — w,)dX;
S

It this sense the BTF integrates subsurface scat-
tering from neighboring surface locations and oc-
clusion effects (shadowing and masking) resulting
from deviations of the physical surface from the
planar surface S. As illustrated in Figure 11.2 this
leads to the interpretation of the BTF as spatially
varying apparent BRDF (ABRDF; the term was
introduced in a paper of Wong et al. [Wong97]).
For convenience in the following we will denote
the incoming light direction by 1 and the outgoing
view direction by v.

11.2 Measurement

The acquisition of the BTF of real world mate-
rials requires a complex and controlled measure-
ment environment. As BTF acquisition is physical
measurement of real-world reflection, special at-
tention has to be paid to the device calibration and
image registration. Otherwise the measurements

Figure 11.2: An apparent BRDF (right) from the
plasterstone BTF (left). While the reflectance
characteristic of the white plaster alone is quite
regular, the holes introduce strong effects from
meso-scale shadowing and masking.

will contain inaccuracies which may generate vis-
ible rendering artifacts. In this section current
techniques for accurate BTF measurement will be
presented. The techniques aim at capturing the
appearance of an opaque material independently
from geometry and therefore capture the BTF of
a planar material sample. The acquired data can
be used instead of simple 2D-textures and mapped
onto arbitrary geometry given a parameterization
of this geometry. In this section we will intro-
duce shortly the main existing BTF-measurement
approaches and then describe our setup at Bonn in
greater detail.

11.2.1 Gonioreflectometer-like Setups

The most common approaches use a
gonioreflectometer-like setup with a CCD-
chip instead of a spectrometer in order to capture
the spatial variation of reflection. This approach
has proved to be reliable and several variations of
it have been published. However its drawback are
the long measurement times.

The first measurement system that used such a
gonioreflectometer-like setup as depicted in Fig-
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Figure 11.3: Capturing the BTF of a planar sample
using a gonioreflectometer-like setup with a fixed
light source, a rotating sampleholder and a moving
camera.

ure 11.3 was presented in the pioneering work of
Dana et al. [Dana97]. Their system takes 205 im-
ages of isotropic materials which is a too sparse
sampling for high-quality rendering, in particular
for rough surfaces and materials with strong spec-
ular pikes. Even though they mentioned the pos-
sibility of using the data for rendering, the orig-
inal intent of the work was building up a ma-
terial database for computer vision related tasks
such as texture recognition, texture segmentation
and shape-from-texture. They measured 61 real-
world surfaces and made them available through
the CUReT database [Reflectance]. Figure 11.4
shows a sample from the database. Similar, but
improved versions of the measuring system were
described in [McAllister02] and [HauthO2]. Some
measurements of the latter system are now also
publicly available through the BTF database Bonn
[BTF Database Bonn]. We will describe this sys-
tem in greater detail later in this section.

11.2.2 Using Video Cameras

Koudelka et al. [KoudelkaO3] presented a sys-
tem resembling the before mentioned ones, but
it fixes the image sensor (a Canon XL-1 digi-
tal video camera) and moves the light source (a
white LED mounted on a robot arm). The em-
ployed hemisphere sampling results in a dataset
of about 10.000 images. Due to the use of a

Figure 11.4: One image of the sample rough plas-
tic from the CUReT database.

video camera with relatively low resolution com-
pared to a high-end still camera, a measurement
takes about 10 hours. Samples from this system
are publicly available for research purposes and
include interesting natural materials like lichen or
moss and man-made materials like carpet or even
LEGO™bricks.

11.2.3 Using Mirrors

Inspired by BRDF measurement techniques, it has
also been proposed to use mirrors for BTF mea-
surement in order to avoid hemispherical move-
ments or to make several measurements in parallel.

An approach using a concave parabolic mirror
has been published by Dana and Wang [Dana(04].
In this device the parabolic mirror is focused on
the sample and thus an image of the mirror cap-
tures the appearance of the surface point in focus
as seen from different viewing directions. Spatial
variation of the sample is captured by planar move-
ment of the mirror (or the sample). Illumination
from different directions is achieved by focusing
a light beam on the appropriate spot in the mir-
ror. With this setup no hemispherical movement
is required and the resulting data is of high qual-
ity. But a high spatial resolution (comparable to
the gonioreflectometer-like devices which achieve
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about 300DPI) requires an enormous amount of
images. Please note also that interreflections and
subsurface scattering from neighboring parts of the
surface are not integrated. Furthermore for a sub-
stantial range of azimuthal angles ¢ the covered
range of the polar angle @ is restricted by the size
of the mirror. E.g. for ¢ = 7 the presented proto-
type can capture polar angles only up to 22.6°.

Han et al. [Han03] presented a measurement
system based on a kaleidoscope which allows to
capture several images of the whole sample at
once. The advantages in measurement time and
registration precision (no moving parts) are accom-
panied by a number of disadvantages. Multiple re-
flections on mirrors (not perfect reflectors) cause
low image quality and lead to a difficult color cal-
ibration. Slight asymmetries in the configuration
of the mirrors result in registration errors. Angu-
lar sampling and spatial resolution are often cou-
pled, i.e. a higher angular resolution leads to a
lower spatial resolution. Radloff [Radloff04] has
analyzed different kaleidoscope configurations by
simulation and built several prototypes. But due
to the mentioned difficulties in building a perfect
kaleidoscope the quality of the results turned out
to be rather low.

11.2.4 Camera arrays

For a fast high quality acquisition of BTFs in
our recent approach we propose an array of 151
digital still cameras mounted on a hemispherical
gantry (see Figure 11.5). A similar gantry with
mounted light sources was used by Malzbender et
al. [Malzbender0O1] to capture PTMs. In our setup
the built-in flash lights of the cameras are used as
light sources.

Although the setup is costly to build, a camera
array is capable of measuring many samples in a
short time. Due to the parallel structure of the ac-
quisition, the example setup is capable of capturing
a BTF dataset of 1512 = 22801 images in less than
half an hour. No moving parts are needed. There-
fore, the region of interest (ROI) is known for every

Figure 11.5: 151 digital cameras with built-in flash
lights are mounted on a gantry, focusing on the
sample, which is placed in the center of the hemi-
sphere.

camera and can be extracted at subpixel precision.
Hence, there is no need for a time-consuming de-
tection of the ROI, the post-processing (reprojec-
tion, geometric correction, color correction) is fast
enough to be done in parallel to the measurement.
The angular resolution depends on the number of
cameras and the spatial resolution on the imaging
chips. This will result in a high angular resolu-
tion; every measured direction represents an aver-
age solid angle of only 0.04161 steradians. For the
3 MPixel cameras we use the spatial resolution is
up to 240DPI.

11.2.5 Details of setup at University of
Bonn

Measurement Setup The measurement setup is
designed to conduct a fully automatic measure-
ment of a BTF including the automatic alignment
and postprocessing of the captured data. A high-
end digital still camera is used as image sensor.
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Figure 11.6: Top: Measurement setup of the Bonn-
System consisting out of an HMI lamp, a CCD
camera and a robot arm with a sample holder. Bot-
tom: Raw image of corduroy BTF measurement.

The complete setup, especially all metallic parts
of the robot, are covered with black cloth or matte
paint, with strong diffuse scattering characteristics.

The system uses planar samples with a maxi-
mum size of 10 x 10 em?. In spite of these re-
strictions, measurement of a lot of different ma-
terial types, e.g., fabrics, wallpapers, tiles, wood
etc. is possible. As shown in Figure 11.6, the lab-
oratory consists of a HMI (Hydrargyrum Medium
Arc Length Iodide) bulb, a robot holding the sam-
ple and a rail-mounted CCD camera (Kodak DCS
Pro 14N). Table 11.1 shows the sampling density
of the upper hemisphere for light and view direc-
tion which results in n = 81 unique directions for
camera and light position. Hence, 6561 pictures
of a sample are taken. The bottom of Figure 11.6
shows a raw image as taken from an oblique view
during the measurement process. Each raw image
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0 [°1|A¢ [°]||No. of images
0 —* 1

15 |60 6

30 |30 12

45 |20 18

60 |18 20

75 |15 24

Table 11.1: Sampling of viewing and illumination
angles of the BTF database Bonn. *= only one im-
age taken at ¢ = 0°

is 12 megabytes in size (lossless compression) with
a resolution of 4500 x 3000 pixels (Kodak DCR
12-bit RGB format). With this setup, the measur-
ing time is about 14 hours, where most of the time
is needed for the data transfer from the camera to
the host computer.

Calibration As described in Chapter 5 calibra-
tion of the equipment is absolutely necessary for
high quality measurements. In particular we per-
form the following calibration steps:

e To compensate the positioning error due to
the robot and the rail system, one has to track
the sample holder mounted on the robot arm
using the camera. Experiments determined
that these errors are small in the described
setup. Therefore, marker points, which are
placed on the sample holder, are detected only
during the post-processing phase, allowing a
software jitter correction.

A geometric calibration has to be applied to
the camera to reduce geometric distortion,
caused by the optical system of the camera.

For each sample to be measured, the aperture
of the camera is adjusted in such a way that
the number of saturated or dark pixels in the
pictures is minimized given a fixed aperture
during the measurement process.

To achieve the best possible color reproduc-
tion, the combination of the camera and the
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light source has to be color calibrated. For
the measurement of the camera color profile
a special CCD-Camera standard card (Gretag
Macbeth - Color Checker DC) is used.

Data Postprocessing After the measurement the
raw image data is converted into a set of recti-
fied, registered images capturing the appearance of
the material for varying light and view directions.
Now a complete set of discrete reflectance values
for all measured light and viewing directions can
be assigned to each texel of a 2D texture.

Registration is done by projecting all sample im-
ages onto the plane which is defined by the frontal
view (# = 0,¢ = 0). To be able to conduct an
automatic registration, borderline markers were at-
tached to the sample holder plate, see Figure 11.6.
After converting a copy of the raw data to a binary
image, standard image processing tools are used to
detect the markers. In following steps the mapping
(which maps these markers to the position of the
markers in the frontal view) is computed and uti-
lized to fill the registered image with appropriate
colors.

To convert the 12-bit RGB images stored in the
proprietary format of the camera manufacturer to
standard 8 bit RGB file formats, the standard color
profiles provided with the Camera SDK (look and
output profile) and camera (tone curve profile) are
applied to the image. The most appropriate 8 bit
color range is extracted after applying an exposure
gain to the converted data.

After this postprocessing step, the final textures
are cut out of the raw reprojected images and re-
sized appropriately (256 x 256 pixels in size for
probes in the database, up to about 800 x 800 in
principle). A final dataset with 256 x 256 pixels
spatial resolution has a data amount of 1.2GB.

11.3 Compression

Since uncompressed BTF data demands from hun-
dred of megabytes up to dozens of gigabytes com-

pression is absolutely necessary for BTFs in order
to be used in practical applications. A compression
technique for BTFs should exploit the redundancy
in the data in an efficient way and provide a fast,
preferably real-time decompression stage. For in-
tegration into current real-time rendering systems
an implementation of the decompression stage on
modern GPUs would also be of great value.

Existing BTF compression techniques can be
roughly separated into two categories. The meth-
ods of the first category are based on the interpre-
tation of the BTF as spatially varying ABRDFs
and apply BRDF modeling techniques. The sec-
ond category consists of methods which interpret
the measured BTF as a high-dimensional signal
and apply more general statistical modeling tech-
niques.

11.3.1 Analytical BRDF-Models

A natural approach for compressing BTFs is via
a pixel-wise representation using BRDF models
which are fitted to the synthetic or measured BTF
data. Candidate BRDF models need to be effi-
ciently computable to achieve real-time capabili-
ties. In the following we will describe techniques
based on this approach.

Lafortune Lobes

The simplest BTF model based on analytic func-
tion fitting was published by McAllister et al.
[McAllister02] and is directly based on the Lafor-
tune [Lafortune97] model. Lafortune et al. propose
to approximate the BRDF by a sum of lobes

s(v,]) = (v -M-1)" (11.1)

with v and 1 denoting local view and light direction
respectively, while the general 3 x 3 matrix M and
the exponent n define the lobe.

To fit these parameters to the reflectance proper-
ties of a synthetic or measured BRDF, non-linear
fitting methods like the Levenberg-Marquardt al-
gorithm [Press92] are employed. Fitting the com-
plete matrix allows for very general BRDFs but
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is very time consuming. Therefore, McAllister et
al. decided to employ a more restricted, diagonal
matrix D, since fitting and rendering efforts are
significantly reduced without major loss in render-
ing quality. Thus, they use the following, spatially
varying lobes:
sx(v,1) =

(v Dy - 1)™ (11.2)

This results in the following BTF approximation:

k
BTF(x,v,1)  pax+ Y  psxjsx;(v,1) (113)
j=1

where pg4 and p; denote diffuse and specular albedo
(specified as RGB values) and k is the number of
lobes.

The model requires only a few parameters to be
stored per pixel resulting in a very compact ma-
terial representation (about 2 MB per material de-
pending on the spatial resolution and number of
lobes). Due to the expensive non-linear minimiza-
tion, the number of Lafortune lobes is practically
limited to about 4 lobes.

Scaled Lafortune Lobes

BRDF models were not designed for the spatially
varying ABRDFs which can contain strong ef-
fects from meso-scale shadowing, masking (Fig-
ure 11.2). Therefore, more specialized models for
ABRDFs were developed which also try to model
some of these effects.

Daubert et al. [DaubertO1] proposed a material
representation, which is also based on the Lafor-
tune model but includes an additional, multiplica-
tive term T (v) modelling occlusion. Following
their proposal, the BTF is evaluated as follows:

k

Pd,x + Z Sx,i (V, 1)

J=1

BTF(x,v,l) = Tx(v) -

(11.4)

The view-dependent lookup-table 7' is defined
per pixel and therefore the model requires signifi-
cantly more parameters to be stored. It is thus nec-
essary to combine this method with quantization
approaches when handling materials that require
significant spatial resolution. The model, as pre-
sented originally, was intended to independently
represent the three channels of the RGB model
by fitting individual Lafortune lobes and lookup-
tables for each color channel.

Reflectance Functions

As a qualitative improvement over the previous
method, Meseth et al. [MesethO4] published an ap-
proach to BTF rendering based on fitting a set of
functions to the spatially varying reflectance func-
tions of the BTF only and performing a simple lin-
ear interpolation for view directions not contained
in the measured set. Following this proposal, the
BTF is evaluated as follows:

Z Wx,v - fov 1)

vEN (V)

BTF(x,v,1) (11.5)

Here, N(v) denotes the set of closest view di-
rections (a subset of the measured view direc-
tions), wy ,, denotes the spatially varying interpo-
lation weight, and rf ,, is the spatially varying re-
flectance function for view direction v which is
approximated either by a biquadratic polynomial
following the Polynomial Texture Map approach
of Malzbender et al. [MalzbenderO1] or adopting
Lafortune lobes as follows:

fo,v(l) N Pdx + ps,x,v(l (1 16)

k
) Z sx,0(1)
i=1
with sy ,, similar to a spatially varying Lafortune
lobe but for fixed view direction and £ being the
number of lobes.
Since the reflectance functions are fitted per
pixel and measured view direction, the amount
of parameters necessary to evaluate the model is
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higher than for the scaled Lafortune lobes model.
Like the model of McAllister et al. [McAllister02],
the approach is designed for efficient rendering and
therefore the lobes are intended to compute lu-
minance values that scale the RGB color albedo
instead of fitting individual lobes for each color
channel. Unlike previous methods based on func-
tion fitting, the approach requires interpolation be-
tween view directions, since the reflectance func-
tions are defined for fixed view directions.

11.3.2 Linear Basis Decomposition

The other large group of BTF compression
techniques interpret the measured data as a
high-dimensional signal. Then general signal-
processing techniques such as Principal Compo-
nent Analysis (PCA) [Press92] can be applied.
PCA minimizes the variance in the residual signal
and provides the in a least-squares sense optimal
affine-linear approximation of the input signal. We
use the terms PCA and Singular Value Decompo-
sition (SVD) synonymously during the rest of this
section, since the principal components of the cen-
tered data matrix X are the columns of the matrix
V with X = UAVT being the SVD of X.

PCA has been widely used in the field of image-
based rendering to compress the image data. For
example Nishino et al. [Nishino99] applied PCA
to the reparameterized images of an object viewed
from different poses and obtained so-called eigen-
textures. Matusik et al. [MatusikO2a] compressed
the pixels of the captured reflectance field applying
PCA to 8 by 8 image blocks.

The several BTF-compression methods that use
PCA differ mainly in two points: (i) the slices of
the data to which PCA is applied independently
and (ii) how these slices are parameterized.

Per-Texel Matrix Factorization

One approach especially suited for real-time ren-
dering applies PCA to the per-texel ABRDFs.
Such methods were developed in the context of

real-time rendering of arbitrary BRDFs at the time
when the Phong-model was the state of the art
in real-time rendering. The original idea as in-
troduced by Kautz and McCool [Kautz99] can be
stated as follows: Given the 4-dimensional BRDF
By, find a factorization into a set of 2-dimensional
functions:

BX(V7 l) ~ Z 9x,j (7‘—1 (V7 l))hxyj <7T2 (V7 l))
’ (11.7)

The functions 7; and 7o are projection functions
which map the 4D-dimensional BRDF parameters
(v,1) to a 2D-space. These projection functions
have to be chosen carefully, because the parameter-
ization significantly affects the quality of low-term
factorizations. Given such a factorization real-
time reconstruction of the BRDF using graphics
hardware becomes easy, since the functions gy ;
and hy j can be stored in texture maps and com-
bined during rendering. A trade-off between qual-
ity and speed is possible by controlling the number

of terms c.

Several methods to find such factorizations
have been proposed. Recently Suykens et
al. [Suykens03] presented a method developed
for BTFs called Chained Matrix Factorization
(CMF) which has the following general factoriza-
tion form:

d ¢j

Bye(v,1) & [ D Pk (7,1 (v, 1) Q1 (5, 2(v, 1))
7 k

(11.8)
Such a chained factorization is computed using a
sequence of simple factorizations using for exam-
ple SVD, but each time in a different parameteri-
zation.

The compression ratio of per-texel matrix fac-
torization depends on the size of the matrix X, i.e.
the sampling of the angular space, and the num-
ber of factors. Please note, that these techniques
where originally designed for BRDF rendering and
for scenes containing a few (maybe some hundred)
BRDFs. A single BTF with 2562 texels contains
64k ABRDFs! Hence to reduce the memory re-
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quirements for real-time rendering a clustering of
the factors may be necessary.

Full BTF-Matrix Factorization

The per-texel factorization methods from the previ-
ous section have the disadvantage, that they do not
exploit inter-texel coherence. This can be accom-
plished by applying a PCA to the complete BTF-
data arranged in a | M| - || matrix

°BX|1|) :

Keeping only the first ¢ eigenvalues results in the
following BTF-approximation:

ZQJ (v, 1)

This approach was used in the works of Liu et
al. [Liu04] and Koudelka et al. [Koudelka03].

The remaining issue is, how to choose c. Ravi
Ramamoorthi [Ramamoorthi02b] showed by an
analytic PCA construction, that using about five
components is sufficient to reconstruct lighting
variability in images of a convex object with Lam-
bertian reflectance. Therefore, for nearly diffuse
and relatively flat samples a good reconstruction
quality can be expected for low c. However, as il-
lustrated in Figure 11.7, this will not be sufficient
for complex BTFs containing considerable self-
shadowing, masking and obviously for non-diffuse
reflectance. Therefore, Koudelka et al. chose
150 to represent all significant effects with
enough fidelity. To reduce the size of the resulting
dataset even further they stored the basis-vectors
as JPG-images resulting in very high compression
rates. But of course real-time reconstruction from
this representation is not possible.

An alternative approach for full BTF-matrix fac-
torization was presented by Vasilescu and Ter-
zopoulos [VasilescuO4]. They arranged the BTF-
data in a 3-mode tensor and applied multi-linear
analysis (3-mode SVD), which corresponds to the

X = (BXWBXI,...

BTF(x,v,1) (11.9)

CcC =

st
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Figure 11.7: RMS-error of the full BTF-matrix
factorization depending on the the number of terms
c. There is a direct correspondence between the
magnitude and decrease of error and the BTF-
complexity.

application of standard SVD to different arrange-
ments of the data. It would be beyond the scope
of this course notes to introduce the necessary
concepts of tensor algebra, but it is worth noting
that the resulting reconstruction formula provides
a more flexible dimensionality reduction by allow-
ing to reduce the represented variation in view and
lighting directions independently. Compared to
standard PCA with the same number of compo-
nents the methods leads to a higher RMS-error, but
the authors claim that keeping more variation in the
viewing direction gives perceptually more pleasing
results.

A serious practical problem of the full BTF-
matrix factorization methods is the size of the ma-
trix X which easily could reach several gigabytes
in float-precision. In this case, even the compu-
tation of the covariance matrix X X7 would be a
very lengthy operation and special out-of-core rou-
tines have to be implemented. As an alternative the
factorization can be computed for a subset of the
data only.
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Per-View Factorization

The reconstruction from the full BTF-matrix fac-
torization is only fast and visually pleasing for
relatively simple materials. Therefore, Sattler et
al. [Sattler03] published a method that deals with
these problems. Because their original intention
was to visualize cloth BTFs that exhibit a signif-
icant amount of depth variation and hence highly
non-linear view-dependence, they use an approach
similar to the work of Meseth et al. [Meseth04] in
the sense that they applied PCA to slices of the
BTF with fixed view-direction. This leads to the
following set of data-matrices:
Xy, = (T<vi,lo>vT<vi,h>a o ’T<vz-,1Mvi>)

with M, denoting the number of sampled light di-
rections for the given view direction v;. The PCA
is applied to all matrices X+, independently. Then
keeping only the first ¢ eigenvalues gives the fol-
lowing BTF approximation:

ngg X

Compared to Equation 11.9, the value of ¢ can
be set much lower (the authors chose ¢ between
4 and 16) which enables interactive or even real-
time rendering frame rates with good visual qual-
ity. However, the memory requirements are much
higher. For example, ¢ = 16 and M,,, = 81 lead to
more than 1200 terms that have to be stored.

BTF(x,v,1) (11.10)

Per-Cluster Factorization

As already mentioned, a complex BTF contains
highly non-linear effects like self-shadowing, self-
occlusion and non-diffuse reflectance. Neverthe-
less, many high-dimensional data sets exhibit a
local linear behavior. Applying per-texel or per-
view factorization implicitly exploits this obser-
vation by selecting fixed subsets of the data and
approximating these subsets with an affine-linear
subspace. A more general approach would choose

these subsets depending on the data. This is the
idea behind the local PCA method, which was in-
troduced by Kambhatla and Leen [Kambhatla97]
to the machine-learning community in competition
to classical non-linear/neural-network learning al-
gorithms. It combines clustering and PCA using
the reconstruction error as metric for choosing the
best cluster.

Recently, Miiller et al. [Miiller03] applied this
method to BTF-compression and proposed the fol-
lowing approximation:

ng(x

BTF(x,v,1) Pi(x),; (v, 1)

(11.11)
The operator k(x) is the cluster index look-up
given a position x. In this case clustering is per-
formed in the space of ABRDFs which was found
being better suited for real-time rendering than
clustering in the space of images. Now the num-
ber of clusters can be chosen according to compu-
tational resources and quality requirements. Good
results were obtained for cluster counts between 16
and 32, which is much smaller than the fixed clus-
ter number (e.g. My, = 81) used in per-view fac-
torization.

11.3.3 Discussion

The following discussion is based on Figure 11.8.

It can be noted that the reconstruction quality
from linear basis decompositions is better than
from parametric reflectance models even if addi-
tional parameters like scaling values per view or
even a full fit per view are used. Furthermore, the
increased quality achieved by using this additional
complexity does not legitimate the increased mem-
ory requirements. The qualitatively best result is
achieved using per-view factorization but unfor-
tunately the memory requirements are very high,
since for every measured view direction a set of
textures and weights has to be stored. Using per-
texel matrix factorization does not exploit spatial
coherence and thus the quality is not as good as
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Figure 11.8: Comparison of selected BTF-compression methods. Top row: original and reconstructed
ABRDFs. Second row: inverted difference images. Bottom row: storage requirements for the com-
pressed representations using parameters suitable for interactive rendering. From left to right: Original
ABRDF of PLASTERSTONE BTF, Scaled Lafortune Lobes with 2 lobes (SLAF), Reflectance Func-
tions with per-view polynomial (RF), Per-Texel Chained Matrix Factorization with 4 factors (CMF),
Per-View Matrix Factorization with 8 terms (PVMF), Per-Cluster Matrix Factorization with 32 clusters
and 8 terms (PCMF). The original dataset consists of 6561 8-bit RGB-images with 2562 pixels in size.
Numerical precision is 16 bit for PCMF and 8 bit for all other methods.

per-view or per-cluster factorization even for con-
siderable memory requirements. Furthermore, the
chained resampling steps can introduce additional
resampling error. Suykens et al. [Suykens03] pro-
pose k-means clustering of the factors across the
spatial dimension to reduce memory requirements.
This obviously could be applied to every per-texel
BTF compression method, but for complex materi-
als that do not contain uniform areas this will intro-
duce cluster artifacts. These cluster artifacts are re-
duced using PCA in each cluster as done in the per-
cluster factorization method. Hence, this method
seems to offer a good compromise between recon-
struction cost, visual quality and memory require-
ments.

11.4 Rendering

Generally accurate and physically plausible ren-
dering algorithms have to compute a solution of

the rendering equation (cf. Chapter 3) at every
surface point x (neglecting emissive effects):

L,.(x,v) = /px(v, DL;(x,1)(nx -1)dl (11.12)
Q;

Here, px denotes the BRDF, L; denotes incoming
radiance, ny is the surface normal and €2; is the
hemisphere over x.

Including measured BTFs into the rendering
equation 11.12 is very simple:

L,.(x,v) = | BTF(x,v,1)L;(x,1)(nx -1)dl

Q;

(11.13)

Now the BRDF at point x is simply looked up from
the BTF. Here we assume that a mapping from the
3D-surface to the 2D spatial texture domain exists
already. Please note that the BTF now also models
small-scale geometry projected into planar domain

103



SIGGRAPH 2005 Course Realistic Materials in Computer Graphics

of the BTF. Furthermore it can contain the fore-
shortening factor (ny -1) if it is not removed during
the post-processing steps.

Equation 11.13 can be solved using monte-carlo
techniques [Dutre04]. In this case a particular BTF
compression scheme from Section 11.3 has to be
supported which in fact corresponds to the imple-
mentation of the decompression stage on the CPU.
Figure 11.9 shows an example.

Figure 11.9: Cylinders covered with different
BTFs (leather, rustika, plasterstone) and rendered
using monte-carlo techniques. The BTFs have
been compressed using per-cluster factorization.

The integration of BTFs in current real-time
rendering systems is much more challenging be-
cause the evaluation of the BTF should be done
on the graphics processing unit (GPU), i.e., in-
tegrated into the fragment-shading process. To
achieve this, the compressed representation of the
BTF must be stored in textures and the reconstruc-
tion is performed using the programmable units of
the graphics board. The parameters for BTF eval-
uation are the standard 2D-texture coordinates X,
the local view direction v and in the case of point
light sources the local light direction 1.

A crucial point in all BTF-rendering methods is
interpolation. Since a measured BTF is discrete
in all 6 dimensions, smooth renderings require in-

terpolation in each dimension. To achieve high
frame-rates it is indispensable, that at least some
of these dimensions are interpolated using built-in
hardware interpolation. For the other dimensions
either the nearest neighbor must be chosen or the
interpolation of the nearest neighbors has to be ex-
ecuted explicitly in the fragment shader. In both
cases there has to be an operator N (-) that sup-
plies the nearest samplings. Such a look up can
be performed on the GPU using dependent texture
look-ups.

In the following sections we will present and
discuss the existing BTF-rendering methods that
achieve interactive or even real-time frame-rates
exploiting the capabilities of current graphics hard-
ware.

11.4.1 Interactive Rendering of BTFs
with Point Lights

The most popular simplification of the rendering
equation allows only point light sources and ig-
nores interreflections (cf. Equation 3.13). In this
case the rendering equation reduces to a finite sum
and can be efficiently evaluated on graphics hard-
ware.

Figure 11.10 shows an example of BTF render-
ing with point light sources.

Parametric Reflectance Models

Efficient implementations of the parametric re-
flectance models from Section 11.3.1 have been
presented by various publications. McAllister et
al. [McAllister02] describe a real-time evaluation
scheme for Equation 11.3. Coefficients of the spa-
tially varying Lafortune lobes are stored in 2D tex-
tures. Evaluation can efficiently be done using ver-
tex and fragment shaders. Since Lafortune lobes
are continuous in the angular domain, no interpo-
lation is required in the angular domain. Spatial
interpolation has to be done explicitly in the frag-
ment shader (magnification) or is left to the multi-
sampling and built-in MIP-mapping capabilities of
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Figure 11.10: Visualization of car interior (Mer-
cedes C-class) with point light illumination. The
leather and wood materials are modeled by BTFs.
All other materials are standard phong.

graphics hardware, although MIP-maps have to be
built manually (e.g. by fitting new sets of Lafortune
lobes for each BTF resolution).

As an extension to the model of McAllister et
al., the BTF model of Daubert et al. [DaubertO1]
only requires an additional evaluation of the view-
dependent visibility term. Although significant
numbers of parameters are required to store this
term, it can easily be encoded in a texture. Interpo-
lation of the view-direction can be achieved using
graphics hardware. Spatial interpolation is done
like in the previous approach.

The even more complex model of Meseth et al.
[Meseth04] is evaluated very similarly to the pre-
vious two ones with the significant difference that
the discretization of the view direction requires
an additional manual interpolation (as denoted in
Equation 11.5). Therefore, two cube maps are uti-
lized which store for each texel in the cube map
(representing a certain view direction) the three
closest view directions and respective interpolation
weights. Interpolation is achieved by evaluating
the reflectance functions for the three closest view
directions and interpolating the results based on the
interpolation factors stored in the cube map. Spa-

tial interpolation can be done exactly like in the
previous approaches.

Per-Texel Matrix Factorization

Generally, the rendering algorithms for BRDF-
factorizations can be used [Kautz99] with the dif-
ference, that the factors now change in every frag-
ment. Suykens et al. [Suykens03] detailed how
this can be accomplished:

Every factor is reparameterized and stored into
a parabolic map [Heidrich98]. Then all these fac-
tors are stacked into 3D-textures and normalized
to a range between 0 and 1. The resulting scale
factors are stored in a scale map. A particular fac-
tor is selected in its 3D-texture using transformed
2D texture coordinates or, if clustered factors are
employed, by the values from an index map. To
avoid mixing of neighboring factors in the 3D-
texture the z-coordinate has to be chosen carefully.
A value within a particular factor is indexed us-
ing the appropriately reparameterized local view
and light directions. While interpolation inside a
factor is supported by the hardware, spatial inter-
polation between neighboring texels is not imple-
mented. Equation 11.8 now can be executed in a
fragment shader.

Per-View Matrix Factorization

Sattler et al. [SattlerO3] demonstrated how Equa-
tion 11.10 can be implemented using a combina-
tion of CPU and GPU computations.

Figure 11.11 shows the basic approach: Com-
bination of the eigen-textures Ay j(x) with the ap-
propriate weights gy ;(1) using the multi-texturing
capabilities of modern graphics boards. This com-
bination is done for every triangle-vertex. A
smooth transition is ensured by blending the re-
sulting three textures over the triangle using a frag-
ment program [Chen02].

While the interpolation in the spatial domain is
done by the graphics hardware, light and view di-
rection are interpolated explicitly. To interpolate
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reconstructed
texture

mean

Figure 11.11: Schematic rendering using the per-
view matrix factorization.

between the nearest measured light directions the
term

BTval

Z TlZgVJ

lenq J=1
(11.14)
has to be evaluated. In order to speed up this com-
putation the weights Ay ;(1) = ZieN(l) T Gv,j (I)
are computed on the CPU per frame and sent to the
GPU resulting in the term

Z)\ v, (x)

To perform view-interpolation different sets of
eigen-textures have to be combined resulting in an
expensive combination:

~ D TUZ/\ 7,j

VEN(v)

BTF(x,v,1) (11.15)

BTF(x,v,1)

(11.16)

Full BTF-Matrix Factorization

To evaluate Equation 11.9 the factors g;(x) and
hj(v,1) have to be evaluated, whereas the factors
gj(x) can be stored as simple 2D-textures and the
factors h;(v,1) as 4D-textures. But unfortunately
neither 4D-textures nor their full interpolation is
currently supported by graphics hardware.
Therefore, Liu et al. [Liu04] store the factors
hj(v,1) into stacks of 3D-textures. The tri-linear
filtering capabilities of graphics hardware now can
be exploited to interpolate the view direction and
the polar angle of the light direction. The fi-
nal step for 4D filtering is performed manually

by blending two, tri-linearly filtered values with
closest azimuth angles in light direction. As usu-
ally, the values of h;(v,1) parameterized over the
hemispheres of view and light directions have to
be resampled and reparameterized in order to be
stored in textures. In order to avoid the fragment
shader’s online effort of calculating the reparame-
terized local light and view directions, which are
necessary for accessing the 3D-textures and inter-
polation weights, the mapping is precomputed and
stored in a cube map.

Per-Cluster Matrix Factorization

Apart from the additional cluster look-up, evaluat-
ing Equation 11.11 is essentially the same as eval-
uating 11.9. Hence the real-time rendering algo-
rithm for Equation 11.11 presented by Schneider
[Schneider04] is similar in style to the approach
presented in the previous section. He also stores
the factors hy(x) j(v,1) in stacks of 3D-textures
and accesses them through reparameterized local
light and view directions. The cluster index in-
troduces an additional dependent texture look-up.
Since existing graphics boards only support hard-
ware supported interpolation of fixed point values,
every factor is quantized to 8-bit separately yield-
ing scaling factors s ;. As compensation the fac-
tors g;(x), which can be stored as floating-point
values since they require no interpolation, have to
be divided by the corresponding scaling factor s .

Mipmapping the BTF can simply be imple-
mented by executing the shader instructions twice
(once for the currently best mipmap level and once
for the next best mipmap level) and interpolating
the resulting colors. Bilinear, spatial interpola-
tion is currently not supported, since the additional
overhead is prohibitive. Fortunately, hardware sup-
ported full-screen antialiasing can reduce potential
artifacts significantly.
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11.4.2 Combining BTFs and Precom-
puted Radiance Transfer

We consider relighting of BTFs with an infinitely
distant illumination environment L;. Typically this
distant illumination is represented by an environ-
ment map. Such an environment map can either
be computed by the graphics hardware or captured
from a natural environment by taking pictures (e.g.
of a metallic sphere) [Debevec97]. Now the de-
pendency of the incident lighting on surface posi-
tion x can be removed and equation 11.12 reads as
follows:

Lr(x,v)m/px(v,l)Li(l)(nx'l) dal (1117
Q;

For special types of BRDFs this integral can
be precomputed (e.g. [KautzOOb]) and the re-
sults can be displayed in real-time. Correspond-
ing approaches for BTFs exist ([McAllister02,
MesethO4] which we will not discuss here (for
space reasons). Instead we will concentrate on re-
cent approaches in the field of Precomputed Radi-
ance Transfer (PRT) which reduce the integral to
a finite sum by projecting light and BRDF onto a
basis like Spherical Harmonics (SH) [Sloan02] or
wavelets [Ng03] and keeping only a finite number
of terms. These approaches not only allow for dy-
namic change of lighting but can also include pre-
computed transport effects like shadows and inter-
reflections.

Bi-Scale Radiance Transfer

PRT, as originally introduced by Sloan et
al. [Sloan02], is evaluated per vertex only and in-
terpolated across the triangle. In a follow up work,
Sloan et al. [Sloan03b] extended PRT to support
also spatially varying reflectance across the trian-
gle. They projected the BTF per pixel and fixed
view direction onto the SH basis generating a Radi-
ance Transfer Texture (RTT) which now represents
the per-view response of the material to the spheri-
cal harmonics basis. To cover large geometry with

the memory-intensive texture they used the synthe-
sis algorithm of Tong et al. [Tong02] to generate an
ID-map over the mesh which references into the
RTT.

Generation of the RTT and the ID-map The
generation of the RTT B(x, v) is accomplished by
projecting the BTF onto the first ¢ elements of the
SH basis {Y} }jen:

B(X,V)j:/QABTF(X,V,I)Y}(l)dl (11.18)

7

Thus, the RTT is a 4D-array of ¢ Spherical Har-
monics coefficients (typically ¢ = 25).

The ID-map is generated using BTF synthesis
over densely resampled geometry called a meso-
mesh. This step assigns every vertex an ID into the
RTT. Then a texture atlas for the original coarse
mesh is generated and for every texel in this atlas
the nearest vertex in the meso-mesh is found and
the corresponding ID is assigned to the texel.

Real-Time Rendering Standard PRT-rendering
is performed per-vertex. That means compu-
tation of a matrix-vector multiplication between
the transfer matrix and the incident lighting SH-
coefficients. The resulting transferred lighting vec-
tor is interpolated across the triangle. To com-
pute exitant radiance per-fragment the interpolated
transferred lighting vector is dot multiplicated with
the corresponding vector in the RTT which is ac-
cessed by the ID map and the local view direction.
This is done in a fragment program. Each texel of
the RTT is stored in an 8x8 texture block encoding
the view dependence. This allows smooth bilinear
interpolation across views using built-in hardware
interpolation. Interpolation between spatial sam-
ples is not performed.

Since the RTTs are not compressed, the method
supports only sparse samplings. They used 8x8
view-samples and 64x64 spatial samples which re-
sults in 643 % 25 SH-coefficients that have to be
stored per color band.
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Per-View Matrix Factorization

Sattler et al. [Sattler03] also proposed a method
to relight the per-view factorized BTFs by envi-
ronment maps that also supports large scale shad-
ows. The main idea is to discretize the integral
in Equation 11.17 using a hemicube [Cohen85],
which leads to

Le(x,v) = > px(v, D) Hix(l)(nx - 1) (11.19)
ZGHZ‘

where H; y denotes the discretized hemicube.
Hi » (1) returns the color in the hemicube over x
at direction [ or zero if the direction is occluded.
The hemicube is precomputed and stored in a visi-
bibility map as follows:

Hemicube Precomputation The hemicube H; «
stores a discretization of the hemisphere at the
vertex x. Figure 11.12 (left) shows an unfolded
hemicube. Using a color-coded environment map
(Figure 11.12 middle) a look-up table into a high
dynamic range map (Figure 11.12 right) is cre-
ated. This allows easy exchange of the environ-
ment map. By rendering the geometry in white
color into the hemicube the visibility function is
computed and self-shadowing can be supported.
Since the directions in the visibility map not nec-
essarily correspond to the measured light direc-
tions in the BTF, the map furthermore stores the
four nearest measured light directions and the cor-
responding interpolation weights.

A hemicube pixel now stores the following in-
formation:

e visibility of a pixel of the environment map
and if it is visible, the position of this pixel in

the map

o four nearest measured directions with respect
to the direction represented by this pixel

e corresponding interpolation weights

Figure 11.12: Hemicube computation. Visibility
map (left) with rendered color-coded lookup envi-
ronment map (middle). White color in the visibil-
ity map stands for occlusion caused by the mesh.
On the right side a HDR environment is shown,
which is mapped onto the color-coded one.

Rendering algorithm Given the nearest mea-
sured view direction v at vertex x and substituting
the BRDF in Equation 11.19 by the per-view fac-
tored BTF representation including the foreshort-
ening term yields the following sum:

Lixv)~ > | D A i(Dhy(x)

leH; \j=1

H; x(1)

(11.20)
The factors Ay (1) are from Equation 11.15.
As in Equation 11.14 the factors vy ,; =
> 1en; Av,j(1)Hix(1) are precomputed per vertex
and sent to the GPU where the final expression is
evaluated:

Le(%,v) & > vjhv,(x) (11.21)
j=1

which again is only a linear combination of basis

textures. For view interpolation the same calcula-

tions as in Equation 11.16 have to be applied.
Since 7y, ;j is computed for all vertices x of the

geometry a vector U holding all v v j can be in-

troduced:

(11.22)

s Vxo0,vo,c5 + + )

U = (Yxo,v0,15 - -

This vector has do be calculated once per envi-
ronment map and allows real-time changes of the
viewing position. A drawback of this method is,
that changing the environment map and even a
simple rotation implies a complete recalculation
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Figure 11.13: Combination of BTF rendering and
precomputed radiance transfer for photorealistic
rendering of textiles.

of U. Depending on the visibility map resolu-
tion and the number of vertices, this computation
can take too long for interactive change of light-
ing. Reducing the visibility map resolution adap-
tively to achieve interactive changing rates intro-
duces under-sampling artifacts of the environment
map during motion, which can be compensated if
the change stops, by using an adaptively higher
resolution for the visibility map.

Per-Cluster Matrix Factorization

To reduce the memory consumption of the Bi-
Scale Radiance Transfer method Miiller et al.
[MiillerO4] presented a combination of per-cluster
factorized BTFs with PRT.

Data Representation Similar to Sloan et al.
[Sloan03b] they compute Radiance Transfer Tex-
tures but encode them using the local PCA method
[Kambhatla97]. In addition, similar to Sloan et
al. [Sloan03a], they apply local PCA to the trans-
fer matrices of the mesh vertices. An approximate
solution to Equation 11.13 can now be computed
by the weighted sum of dot products between the
PCA-factors of the RTT and the transfer matrices.

Real-Time Rendering Since the dot products
remain constant as long as only the camera is mov-
ing in the scene (i.e. neither the mesh nor the envi-
ronment nor the BTF is changing), they can be pre-
computed on the CPU and afterwards be stored in
a texture. Since precomputation and upload times
of the dot products do not allow interactive render-
ing for very high quality settings, the number of
RTT and transfer matrix components is reduced in
dynamic situations. These reductions in quality do
not significantly influence the perceived quality of
the rendered results as long as high quality solu-
tions are presented in static cases.

Like in Sloan et al. [Sloan0O3a], rendering re-
quires clusters of triangles to be rendered indepen-
dently, where a triangle belongs to a certain cluster
if at least one of its vertices belongs to the respec-
tive clusters.

Most rendering power is spent in the fragment
program which computes the weighted sum. In-
terpolation of the angular domain of the BTF can
be achieved by standard filtering features, spatial
interpolation and filtering can be achieved using
standard multisampling and MIP-mapping of the
BTE.

11.4.3 Discussion

To our experience almost all real-time BTF render-
ing methods pose a great challenge to the current
graphics boards and the performance differences
vary greatly depending on the board and driver
versions. Therefore, we will discuss some gen-
eral "hardware-independent” properties of the al-
gorithms which might help judging the strengths
and weaknesses of the algorithms.

The method of McAllister et al. [McAllister02]
is mainly suited for nearly flat and specular ma-
terials with spatially varying reflection properties.
Since it only uses slightly more memory than or-
dinary diffuse textures and can be rendered fastly,
it fits into current rendering systems. This is
not true for the methods which use additional
data to capture also depth-varying BTFs such as
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[Daubert01, Meseth04]. Their memory consump-
tion and increased rendering cost restricts them to
special domains and as pointed out in Section 11.3
the visual quality of the used analytical models still
remains questionable.

Far better visual quality is offered by the meth-
ods based on matrix factorization. But using PCA
alone as done by Liu et al. [Liu04] is only real-
time for very few terms, and thus only applicable
for simple materials. Therefore, a segmentation of
the data into subsets may be necessary. Using a
segmentation per fixed view direction as done by
Sattler et al. [SattlerO3] provides excellent visual
quality but requires too much texture memory to
be used in complex scenes with many materials.
Spatial clustering as in the method of Miiller et
al. [Miiller03] or [Suykens03] reduces the mem-
ory requirements drastically while retaining high-
quality but these methods face the not sufficiently
solved problem of spatial interpolation and Mip-
Mapping. This can result in decreased quality for
texture magnification and minification. A prob-
lem of all matrix factorization based methods is the
required random access to many textures, which
can form a bottleneck on current graphics archi-
tectures.
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Chapter 12

Reflectance Fields

Tim Hawkins

12.1 Introduction

Image based modelling and rendering methods
have become commonplace over the last decade.
These methods typically provide a very high level
of photorealism, but it is often difficult to edit
the geometry or modify the illumination condi-
tions. Recently, the data-driven approach embod-
ied in image based modelling and rendering has
been extended to capture models than can be re-
illuminated with any desired lighting. The re-
flectance field, as introduced in [Debevec00], pro-
vides a unifying framework for many of these new
techniques.

The reflectance field describes the transfer func-
tion between an incident lighting condition repre-
sented as a light field, and the resulting exitant light
field. As shown in Figure 12.1, the reflectance field
is defined on a surface A that is assumed to contain
some object of interest. Defined by analogy with
the BRDF, the reflectance field is an 8-dimensional
function expressing the differential exitant radi-
ance at a given point (u,, v,) in a given direction
(0, ¢r) due to a differential incident radiant flux at
the point (u;, v;) in the direction (6;, ¢;).

R:R(uiaviaeiaqsi;uT7UT79T7¢7’) (121)

Whether A contains complicated geometry, ma-
terials with unusual reflectance properties, volu-

(6,,0,)

Figure 12.1: Geomtery for definition of the re-
flectance field.

metric participating media, or any combination of
these, the reflectance field effectively captures the
appearance of the interior of A under any lighting
conditions.

The reflectance field is very closely related to
the Bidirectional Scattering-Surface Reflectance
Distribution Function (BSSRDF) [Nicodemus77]
and the Global Reflectance Distribution Function
(GRDF) [Lafortune94]. Unlike the BSSRDF, the
reflectance field is parameterized on a surface
which is not assumed to be coincident with a phys-
ical surface. The GRDF actually describes the
transfer of light power between any two rays. Be-
cause ray space is 5-dimensional, the GRDF is
in general a 10-dimensional quantity. However,
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Lafortune deals primarily with the restriction to 8
dimensions resulting from assuming that the value
of the function need only be considered at the de-
fined surfaces of a scene.

Although the reflectance field is most easily
imagined as being defined on a sphere containing
the object of interest, in some cases it may be pre-
ferred to define it instead on some other surface.
In the case that it is defined on a surface coincid-
ing with the object’s surface, it is called a surface
reflectance field. In this case, the definition of the
reflectance field is slightly complicted by the pos-
sibility that the surface A may be nonconvex, al-
lowing for a given ray to be both exitant and in-
cident. In this case the formulation must be made
more precise. For a given pair of rays r; and r,,
where r; = r, is permitted, we are interested in
the transfer function between an assumed source or
self-emissive radiance along ray r;, and the result-
ing total radiance travelling along ray r,. (This fi-
nal total radiance can be undefined in certain phys-
ically implausible circumstances. For example be-
tween two perfectly reflective mirrors or inside of
a sphere with a perfectly white surface, all sourced
light power can be trapped in a finite space, result-
ing in radiance values that increase forever.)

For an object surrounded by a surface A, the
function reflectance field R on A allows the ob-
ject to be rendered under arbitrary illumination and
from any viewpoint, provided that the viewpoint is
outside of A and that the illumination originates
outside of A. If R is known, geometry and mate-
rial properties of the object are no longer needed.
Alternatively, for the case where A is a sphere it
could be said that the reflectance field is really just
an extreme version of a geometry plus reflectance
model of the contained object, where the geome-
try has been greatly simplified and all interesting
information has instead been encoded as a high-
dimensional nonlocal material reflectance.

Reflectance field rendering is analogous to con-
volution, except that instead of a fixed convolu-
tion kernel, the lighting response kernel is gener-
ally different for every exitant ray. The rendering

(b)

Figure 12.2: (a) The Light Stage 1 consists of a sin-
gle light mounted on a system of two nested plastic
arms, where the outer arm spins around a vertical
axis while the inner arm can be raised and lowered.
(b) A long exposure (about 60 seconds) showing
the movement of the light source over the course
of a data capture.

process requires no visibility calculations or recur-
sive ray casting. Rather, rendering an image pixel
corresponding to a ray r, becomes a simple dot

112



Chapter 12: Reflectance Fields

Figure 12.3: The top row shows several captured basis images of a subject under different directions of
illumination. The bottom row shows image based relightings of a subject under different environmental

illumination.

product between the 4D subspace of the reflectance
field describing the response of 7, and the desired
lighting condition specified as a 4D light field.

Because of the high dimensionality of the re-
flectance field, no measurements have been made
and no computations have been performed on a full
8 dimensional reflectance field. However, a num-
ber of researchers have performed measurements
and computations with various simplified versions,
generally 4-dimensional or 6-dimensional. We
give a brief review of these efforts.

12.2 Light Stage 1 and Faces

[DebevecO0] used a lighting apparatus dubbed
Light Stage 1 to acquire images of a human subject
under all directional illumination conditions. This
apparatus, shown in Figure 12.2, allows a single
light source to be moved to all directions surround-
ing a seated subject. A video camera then captures
a sequence of images of the subject with all direc-
tional illumination conditions. Figure 12.3 shows a

few examples of such captured images. The result-
ing dataset can be considered to be a 4-dimensional
slice of the full reflectance field, capturing for a
fixed viewpoint the appearance of the subject un-
der any distant illumination. For an exitant ray 7,
corresponding to a virtual camera pixel, the radi-
ance under any combination of directional lights is
proportional to

L(ro) = > R(ri)L(r;) Aw(r;)

where R(r;) was the measured radiance at the
pixel corresponding to 7, when illuminated from
direction r;, L(r;) is the desired illumination from
direction r;, and Aw(r;) is the solid angle deter-
mined by the spacing of incident illumination sam-
ples. This equation allows images to be produced
simulating the appearance of the subject under any
desired nonlocal lighting condition. A few exam-
ples of relit versions of a subject are shown in Fig-
ure 12.3.

This basic image based relighting process can
reproduce the full range of reflectance phenom-

(12.2)
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(b)

Figure 12.4: (a) The Light Stage 2 consists of 30
strobe lights mounted on a semi-circular arm. The
arm spins around a vertical axis, allowing all di-
rections of illumination to be provided. (b) A long
exposure (about 10 seconds) showing the accumu-
lation of all lights flashed during a single data cap-
ture.

ena an object can exhibit under distant illumi-
nation, including diffuse and specular reflection,
self-shadowing, translucency, and caustics. Care
must be taken to capture a sufficient number of
incident lighting directions for the object of in-
terest. If the lighting samples are too far apart,
problems will be seen for highly specular objects
and for self-shadowing objects. In particular, a
highly specular surface reflecting a diffuse light-
ing environment will appear to reflect many small
light sources rather than the smooth environment,
and self-shadowing objects when illuminated by a
moving sharply directional light will exhibit shad-
ows that progress in a series of steps rather than
continuously.

12.3 Light Stage 2 and Facial Ani-
mation

[HawkinsO4] demonstrates a system for rapidly
capturing reflectance fields from several cameras.
This allows for many different facial expressions
to be captured to build a morphable face model
that can be lit and viewed arbitrarily. The capture
system is shown in Figure 12.4. The system can
capture illuminations conditions at the rate of 60
per second, allowing 480 lighting conditions to be
captured in 8 seconds. This capture is fast enough
that the subject is able to maintain even extreme
facial expressions without excess motion.

To register the many facial expressions, roughly
300 fiducial dots are placed on the subject’s face.
Triangulating these dots from the six cameras pro-
vides a rough geometric model. Because six cam-
eras do not provide an adequate sampling of the
radiant light field, this rough geometry is required
to allow for high quality rendering from arbitrary
viewpoints. Examples of renderings are seen in
Figure 12.5.

12.4 Image-Based 3D Photogra-
phy using Opacity Hulls

[MatusikO2b] demonstrated a system for captur-
ing a subject under many directional illumination
conditions and from many viewpoints, yielding a
6D version of the reflectance field. The capture
setup for this system can be seen in Figure 12.6.
In their system, a one dimensional array of cam-
eras captures images of a central object as illumi-
natied by a one dimensional array of lights. By
rotating the object and the array of lights indepen-
dently, images can be captured of the object from
every viewpoint and illuminated from every direc-
tion. Like [Debevec00] the effects of spatially in-
homogeneous lighting are not captured with this
technique.

Although the number of captured viewpoints
was relatively large (about 200), this number is
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Figure 12.6: (a) Apparatus for capturing a 6D reflectance field and opacity hull geometry model of an
object. (b) Renderings of different objects under specified illumination conditions. The opacity hull
model allows for objects with very complicated geometry such as fur or leaves to correctly occlude the
background.

still too small to allow pure light field rendering
with no geometry. For this reason, additional im-
ages at each viewpoint are captured of the object
backlit by a monitor displaying several patterns.
These images allow the object silhouette to be eas-
ily identified. Extracting geometry from visual
hull (silhouette) information then allows for high
quality view interpolation renderings, analogous to
depth correction for light field rendering.

12.5 Relighting with 4D Incident
Light Fields

[MasselusO3] used a movable projector to cap-
ture the response of an object to arbitrary incident
light fields. Their capture setup is shown in Fig-
ure 12.7. The 4 dimensions of the incident light
field along with the 2 dimensions of image space
make this also a 6D slice of the reflectance field.
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Although the images are captured only for a single
viewpoint, this method allows for renderings under
completely arbitrary incident illumination, includ-
ing inhomogeneous lighting effects such as those
due to spotlights or local occluders.

To speed up the capture process, this work takes
advantage of the fact that for many objects the pro-
jection of a small spot of light primarily illumi-
nates only a subset of the captured image. By pro-
jecting several separate spots of lights simultane-
ously that are relatively unlikely to illuminate the
same image pixels, the reflectance capture can be
parallelized.

12.6 Summary

A number of techniques in recent years have
demonstrated photoreal relightable image based
models. In particular, a number of efforts have
focussed on capturing images under many illumi-
nation conditons, allowing for this relighting to
be performed directly from captured data without
making simplifying assumptions about the mate-
rial properties or light transport within the scene.
These approaches can often be considered attempts
at characterizing or measuring the reflectance field
of the scene, a prospect which remains elusive
given the high dimensionality of the reflectance
field.

(b)

Figure 12.7: (a) Apparatus for capturing appear-
ance of an object under any incident light field. (b),
(c) Renderings of a scene relit with different inci-
dent light fields. The effects of spatially-varying
illumination are evident.
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Chapter 13

Introduction of the Annotated
Bibliography

The goal of this annotated bibliography is to provide an overview over the most important publications
in the areas covered by the course. Our goal was especially to help newcomers to the field to quickly
become familiar with the main papers and serve as a starting point for further literature study. This is
naturally always a subjective choice and we claim therefore by no means that the list of selected papers
is complete and apologize for any important papers we missed.
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[1] Richard S. Hunter and Richard W. Harold. The Measurement of Appearance. Wiley, 2. ed., 5. print.
edition, 1987.

In this book, the various effects of reflections off surfaces are carefully described and
analized. The authors provide valuable and intuitive insights on how to distinguish the
appearance of two different materials. The book furthermore illustrates how the appear-
ance of real world surfaces can be measured giving examples of techniques commonly
applied in print industry. The main focus is on measuring the appearance of planar sur-
faces.

[2] Fred E. Nicodemus, Joseph C. Richmond, Jack J. Hsia, I. W. Ginsberg, and T. Limperis. Geometrical
Considerations and Nomenclature for Reflectance. National Bureau of Standards, 1977.

This report introduces the basic concepts of BSSRDFs, BRDFs, and related functions to
describe reflectance. It also defines the nomenclature for all of them and describes their
relationships such as the derivation of the BRDF from the BSSRDF.
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[1] James F. Blinn. Models of Light Reflection for Computer Synthesized Pictures. In SIGGRAPH ’77:

Proceedings of the 4th annual conference on Computer graphics and interactive techniques, pages
192-198. ACM Press, 1977.

This paper introduces the empirical Blinn-Phong model (based on the earlier Phong
model [6]. It can model more realistic reflections using three parameters (diffuse and
specular coefficient, specular exponent). The specular lobe is computed based on the
halfway vector.

[2] R. Cook and K. Torrance. A reflection model for computer graphics. ACM Transactions On Graph-
ics, 1(1):7-24, 1982.

The Cook-Torrance model is a modification of earlier reflectance models. The main as-
sumption is that the surface is composed of tiny, perfectly reflective, smooth microfacets
oriented at different directions. The facets are assumed to be V-shaped and their distribu-
tion is isotropic. The model takes into account the fact that the light might be blocked by
other microfacets (shadowing). Similarly, it also considers the fact that the viewer does
not see some of the microfacets since they are blocked by the other microfacets (masking
effect). The model takes into account an average Fresnel term (polarization is not con-
sidered) when modelling the reflectance of individual microfacets. However, it does not
allow for multiple light bounces between the microfacets. The orientation of the facets
is assumed to have some distribution - Cook and Torrance use the Beckman distribution
function.

[3] X. He, K. Torrance, F. Sillon, and D. Greenberg. A comprehensive physical model for light reflec-
tion. Computer Graphics, 25(Annual Conference Series):175-186, 1991.

This paper presents a reflectance model that accounts for the phenomena that can be
explained using both geometrical optics and wave optics (diffraction, interference). The
model supports arbitrary polarization of incident light, but the simplifications for unpo-
larized light are also presented. In general, the reflectance is modelled as a sum of three
components: specular, directional diffuse, and uniform diffuse. The specular compo-
nent accounts for mirror-like reflection. It depends on the Fresnel reflectivity, roughness,
and shadowing factors. The directional diffuse contribution of the reflectance function
is the most complex term. It accounts for diffraction and interference effects. It de-
pends on surface statistics (the effective roughness and the autocorrelation length). The
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uniform-diffuse contribution is a result of multiple microfacet reflections and subsurface
reflections. It is expressed as a simple function of wavelength. The resulting isotropic
reflectance model for unpolarized light is a function of four parameters. Each of the
parameters has some physical meaning and (at least theoretically) can be measured sep-
arately.

[4] Eric P. F. Lafortune, Sing-Choong Foo, Kenneth E. Torrance, and Donald P. Greenberg. Non-linear
Approximation of Reflectance Functions. In SIGGRAPH ’97: Proceedings of the 24th annual
conference on Computer graphics and interactive techniques, pages 117-126. ACM Press/Addison-
Wesley Publishing Co., 1997.

The Lafortune model presented in this paper is an extension of the Phong model [6] with
a diffuse term and multiple lobes. Each lobe consists of a weighted dot product between
viewing and lighting direction raised to some power. This empirical model can handle
off-specular peaks, backscattering and anisotropy and is frequently used to model the
reflection properties of real, measured materials.

[5] S. Marschner, S. Westin, E. Lafortune, and K. Torrance. Image-based measurement of the Bidirec-
tional Reflection Distribution Function. Applied Optics, 39(16):2592-2600, 2000.

Marschner et al. describe an image-based BRDF measurement system. They use a ma-
terial sample with different surface normals. Each point with a different surface normal
gives a different BRDF measurement. Their system uses a spherical sample of homoge-
nous material. A fixed camera takes images of the sample under illumination from an or-
biting light source. The system, although limited to only isotropic BRDF measurements,
is both fast and robust. Furthermore, they extend their method to surface geometry ac-
quired with a laser range scanner to acquire reflectance of a human face.

[6] Bui Tuong Phong. Illumination for Computer Generated Pictures. Commun. ACM, 18(6):311-317,
1975.

This paper introduces the Phong model — one of the earliest empirical lighting models
for computer graphics. The model consists of a diffuse term and one specular lobe. It is
neither energy conserving nor reciprocal and is only well-suited to approximate plastic-
like materials. Improvements and extensions of the model include [1, 4].

[7] G. Ward. Measuring and modeling anisotropic reflection. Computer Graphics, 26(Annual Confer-
ence Series):265-273, 1992.

This paper presents one of the first methods to speed up the BRDF measurement process.
Ward’s measurement device (imaging gonio-reflectometer) consists of a hemispherical
mirror and a CCD camera with a fisheye lens. The main advantage of his system is that
the CCD camera can take multiple, simultaneous BRDF measurements. Each photosite
of the imaging sensor contains a separate BRDF value. Moving the light source and
material over all incident angles enables the measurement of arbitrary BRDFs. Ward also
presents a BRDF model that is based on the elliptical Gaussian distribution. The model
is carefully designed to be physically plausible - it supports energy conservation and
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reciprocity. It is also relatively simple and can be evaluated efficiently. The parameters
of the model have physical meaning and theoretically can be measured independently.
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Spatially Varying BRDF's

[1] Samuel Boivin and André Gagalowicz. Image-based rendering of diffuse, specular and glossy
surfaces from a single image. In Eugene Fiume, editor, Proceedings of SIGGRAPH 2001, Com-
puter Graphics Proceedings, Annual Conference Series, pages 107-116. ACM Press / ACM SIG-
GRAPH, August 2001. ISBN 1-58113-292-1.

This paper tries to solve the difficult problem of measuring BRDF in indoor scenes
from a single observation. The hope is that the global illumination and grouping of
measurements of multiple surface points provide sufficient constraints to estimate a
per-patch BRDF. At first a simple diffuse BRDF model is assumed. If the observed
error is still insufficient a specular lobe is added. In case of failure, further tests involve
anisotropic or mirroring BRDFs.

[2] P. Debevec, T. Hawkins, C. Tchou, H.-P. Duiker, W. Sarokin, and M. Sagar. Acquiring the Re-
flectance Field of a Human Face. In Proc. SIGGRAPH, pages 145-156, July 2000. ISBN 1-58113-
208-5.

While this paper actually introduced the concept of reflectance fields it also contains
a section where a BRDF model is fit to the measured data of each texel. The spatially
varying BRDF yields some compression compared to the full reflectance field data set.

[3] Paul Debevec, Chris Tchou, Andrew Gardner, Tim Hawkins, Charis Poullis, Jessi Stumpfel, An-
drew Jones, Nathaniel Yun, Per Einarsson, Therese Lundgren, Marcos Fajardo, and Philippe Mar-
tinez. Estimating Surface Reflectance Properties of a Complex Scene under Captured Natural
Illumination. Technical Report ICT-TR-06.2004, USC ICT, December 2004.

This reports combines the idea of clustered BRDFs with global inverse illumination.
For a number of representative spots/materials the BRDF is captured using standard
image-based BRDF measurement techniques under controlled illumination conditions.
In order to capture the spatially varying BRDF of a building the incident light onto
ths building is captured by an environment map which serves as a illumination source
in a global illumination framework. Based on the differences between the synthesized
images and the captured HDR images the weight for combining the cluster BRDFs are
updated for each texel individually.

[4] A. Gardner, C. Tchou, T. Hawkins, and P. Debevec. Linear light source reflectometry. ACM Trans.
Graphics., 22(3):749-758, 2003.
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In this paper the fully spatially varying BRDF and a transmission term is estimated for
rather flat documents. The illumination is provided by a linear light source which has to
be considered during the BRDF estimation. The same data is also used to scan the 3D
geometry of the surface.

[5] Athinodoros S. Georghiades. Recovering 3-d shape and reflectance from a small number of pho-

tographs. In Eurographics Symposium on Rendering: 14th Eurographics Workshop on Rendering,
pages 230-240, June 2003.

Georghiades addresses the problem of estimating shape and reflection properties at the
same time. Given a set of images of the scene illuminated by a point light source of
unknown position the approach sets up an optimization problem that solves for the
diffuse component of the BRDF and the actual surface normal per pixel as well as a
global specular component and the light source positions in the individual images. As
in other shape-from-shading approaches assuming a continuous surface introduces a
regularization term that allows for solving the large optimization problem.

[6] Hendrik P. A. Lensch, Jan Kautz, Michael Goesele, Wolfgang Heidrich, and Hans-Peter Seidel.

[8]

Image-based reconstruction of spatially varying materials. In Rendering Techniques 2001: 12th
Eurographics Workshop on Rendering, pages 103—114. Eurographics, June 2001. ISBN 3-211-
83709-4.

This paper introduces the concept of capturing cluster BRDFs and expressing the spa-
tially variation by per-texel weighted sums of cluster BRDFs. Making use if the idea
of image-based BRDF measurments samples from multiple surface points are com-
bined when determining the cluster BRDFs. This results in more reliable, that is, more
plausible BRDF parameters and at the same time reduces the number of required input
images. Drastically different materials distributed in the same patch can be reproduced
faithfully.

Hendrik P. A. Lensch, Jan Kautz, Michael Goesele, Wolfgang Heidrich, and Hans-Peter Seidel.
Image-Based Reconstruction of Spatial Appearance and Geometric Detail. ACM Transactions on
Graphics, 22(2):234-257, April 2003.

This paper extends the previous work towards estimating per-texel normals. Starting
from a scanned and smoothed 3D geometry model the per-texel BRDF is estimated. In
a photometric stereo approach the current estimate of the BRDF is used to update the
surface normal.

S. Marschner, S. Westin, E. Lafortune, K. Torrance, and D. Greenberg. Image-based BRDF Mea-
surement Including Human Skin. In 10th Eurographics Workshop on Rendering, pages 131-144,
June 1999.

This paper applied the idea of image-based BRDF measurement to objects of arbitrary
geometry. A 3D scan of the object provides the geometric information. Multiple images
illuminated by a flash light are combined in order to estimate a single BRDF for the
object.
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[9]

[10]

[11]

[12]

[13]

[14]

D. McAllister, A. Lastra, and W. Heidrich. Efficient rendering of spatial bi-directional reflectance
distribution functions. Graphics Hardware 2002, 2002.

The authors present the first real-time rendering framework for BTFs. They used the
Lafortune model to approximate the spatially varying BRDFs which leads to an extreme
compact representation amendable to hardware implementation.

K. Nishino, Z. Zhang, and K. Ikeuchi. "determining reflectance parameters and illumination dis-
tribution from a sparse set of images for view-dependent image synthesis". In in Proc. of Eighth
IEEE International Conference on Computer Vision ICCV 01, pages 599-606, july 2001.

Nishino et al. address the complicated problem of reconstructing BRDF and incident
illumination at the same time. Specular highlights observed in the individual images are
projected into a global environment map to estimate incident illumination. In the next
step the BRDF is estimated. Spatial variation is restricted to the diffuse component.

Ravi Ramamoorthi and Pat Hanrahan. A signal-processing framework for inverse rendering. In
Eugene Fiume, editor, Proceedings of SIGGRAPH 2001, Computer Graphics Proceedings, Annual
Conference Series, pages 117-128. ACM Press / ACM SIGGRAPH, August 2001. ISBN 1-58113-
292-1.

This paper as well presents a solution to the problem of estimating BRDF and illumina-
tion from the same set of images for which an iterative algorithm has been developed.
The paper is mostly well-known for the use of spherical harmonics to represent environ-
ment maps as well as BRDFs. This representation allows for computing the convolution
of the BRDF with the environment map by a simple dot product.

Y. Sato, M. Wheeler, and K. Ikeuchi. Object Shape and Reflectance Modeling from Observation.
In Proc. SIGGRAPH, pages 379-388, August 1997.

In this paper shape and reflectance properties are captured using the same sensor but
different illumination. There is no explicit registration step necessary to match 3D ge-
ometry and 2D images. The diffuse component of the BRDF is estimated per pixel
while the specular component is constant per patch.

Y. Yu, P. Debevec, J. Malik, and T. Hawkins. Inverse Global Illumination: Recovering Reflectance
Models of Real Scenes From Photographs. In Proc. SIGGRAPH, pages 215-224, August 1999.

This paper considers indoor scenes. A few input images are aligned with a geometry
model of the rooom and the furniture. Given the positions of the light sources, the
light transport in the room can be simulated incorporating global illumination effects.
The estimated BRDF minimizes the error between the measured values and a global
illumination forward solution.

Y. Yu and J. Malik. Recovering Photometric Properties of Architectural Scenes from Photographs.
In Proc. SIGGRAPH, pages 207-218, July 1998.
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The BRDFs of buildings in outdoor scenes are estimated considering the incident illu-
mination from the sun and the sky. Only the diffuse component is allowed to vary freely
across the surface.
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Translucent Materials, BSSRDFs

[1] Yanyun Chen, Xin Tong, Jiaping Wang, Stephen Lin, Baining Guo, and Heung-Yeung Shum. Shell
texture functions. ACM Transactions on Graphics, 23(3):343-353, August 2004.

This paper presents an appearance representation approach that is particularly suited for
heterogeneous translucent objects. The translucent object is divided into a homogeneous
diffusely scattering core surrounded by volume of heterogeneous translucent material.
The shell texture function (STF) provides an intermediate data structure representing the
light transport and the mesostructure of the outer shell. For each voxel in the shell volume
the irradiance due to light impinging from arbitrary directions is precomputed and stored
in a 5D data structure.

[2] Michael Goesele, Hendrik P. A. Lensch, Jochen Lang, Christian Fuchs, and Hans-Peter Seidel.
DISCO - Acquisition of Translucent Objects. ACM Transactions on Graphics (Proceedings of
SIGGRAPH 2004), 23(3), 2004.

This is the first paper that captured the diffuse reflectance 7, of a real translucent object
with inhomogeneous material properties. The object is pointwise illuminated and its im-
pulse response function is captured with a HDR camera. A hierarchical model of transfer
functions is computed from a large number of input images. Rendering can be performed
in real time using an earlier approach.

[3] Akira Ishimaru. Wave Propagation and Scattering in Random Media. Academic Press, 1978.

This book describes the physical principles of single and multiple scattering in various
types of media and derives the mathematical formulations.

[4] Henrik Wann Jensen and Juan Buhler. A Rapid Hierarchical Rendering Technique for Translucent
Materials. In SIGGRAPH 2002, pages 576581, 2002.

The authors propose a hierarchical evaluation technique to speed up the rendering of
translucent objects using the dipole model [5]. This is the first of a whole series of papers
proposing various rendering techniques to speed up evaluation of the dipole model — see
e.g. [2] for a list of such publications.

[5] Henrik Wann Jensen, Stephen R. Marschner, Marc Levoy, and Pat Hanrahan. A Practical Model for
Subsurface Light Transport. In SIGGRAPH 2001, pages 511-518, 2001.
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This paper introduces the dipole model as an approximation for translucent objects in
computer graphics. It describes the derivation of the model, it’s use for rendering, and
compares the results to Monte-Carlo simulations. The authors describe also a measure-
ment setup to determine the required parameters for real materials and provide a table of
measured values. The dipole model is used in many publications including [4] as a fast
method to evaluate the effects of subsurface scattering.
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Transparent and Specular Materials,
Environment Matting

[1] Sameer Agarwal, Satya P. Mallick, David J. Kriegman, and Serje J. Belongie. On refractive optical
flow. In Proceedings of 8th European Conference on Computer Vision, pages 483494, 2004.

This paper presents a generalization of the optical flow equation to the case of refraction.
The resulting refractive optical flow equation can be used to estimate environment mattes
without knowing the background. The objects that can be captured are limited to be
specularly refractive.

[2] Yung-Yu Chuang, Douglas E. Zongker, Joel Hindorff, Brian Curless, David H. Salesin, and Richard
Szeliski. Environment matting extensions: Towards higher accuracy and real-time capture. In
Proceedings of ACM SIGGRAPH 2000, pages 121-130, 2000.

This paper presents two extensions to the hierarchical approach used by Zongker et al.
The first one allows for the capture of more complex and subtle interactions of light with
objects assuming Gaussian weighting functions, while the second allows for real-time
capture of colorless objects in motion.

[3] Pieter Peers and Philip Dutré. Wavelet environment matting. In Proceedings of the 14th Eurograph-
ics Symposium on Rendering, pages 157-166, 2003.

This paper introduces wavelet environment matting which can extract the most accurate
environment mattes to date. A set of wavelet patterns is used as the stimulus function
and a feedback loop is used to select the most important patterns on the fly. It however
requires a long capturing time (12 hours) and a large amount of storage (2.5GB on aver-

age).

[4] Yonatan Wexler, Andrew W. Fitzgibbon, and Andrew Zisserman. Image-based environment mat-
ting. In Proceedings of the 13th Eurographics workshop on Rendering, pages 279-290, 2002.

This paper introduces the first passive approach for environment matting which can ex-
tract environment mattes from natural backgrounds. It however requires that it is possible
to reconstruct the clean plates and is only effective for specularly refractive objects.

[5] Jiayuan Zhu and Yee-Hong Yang. Frequency-based environment matting. In Proceedings of 12th
Pacific conference on Computer Graphics and Applications, pages 402—410, 2004.
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This paper introduces an environment matting method with a stimulus function in the
temporal domain rather than the spatial domain. Environment mattes can then be ex-
tracted using frequency analysis. It is, in principle, capable of representing arbitrary
weighting functions. However, in this paper, for reducing the number of images, only
the separable weighting functions are modeled.

[6] Douglas E. Zongker, Dawn M. Werner, Brian Curless, and David H. Salesin. Environment matting
and compositing. In Proceedings of ACM SIGGRAPH 1999, pages 205-214, 1999.

This is the first paper on environment matting and compositing. It assumes a rectangu-
lar weighting function and uses hierarchical horizontal/vertical stripes as the stimulus
backdrop function. It is effective for refraction, translucency, highly specular and color
transparency.
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Fibers

[1] David C. Banks. Illumination in diverse codimensions. In Proceedings of SIGGRAPH 94, July
1994.

This paper contains a nice mathematical framing of the geometry of reflection from a k-
dimensional subspace of n-dimensional space. Although Banks doesn’t explicitly discuss
radiometry, this paper is valuable background reading for understanding the radiometric
issues of reflection from fibers in 3-space.

[2] James T. Kajiya and Timothy L. Kay. Rendering fur with three dimensional textures. In Proceedings
of SIGGRAPH 1989, pages 271-280, 1989.

Although the main focus of this paper was to introduce a method for simulating materi-
als like fur efficiently using volume rendering, Kajiya and Kay also introduce a simple
phenomenological model for scattering from a fiber. This model captures the basic phe-
nomenon of reflection into the specular cone, and it continues to serve well after over 15
years.

[3] Stephen R. Marschner, Henrik Wann Jensen, Mike Cammarano, Steve Worley, and Pat Hanra-
han. Light scattering from human hair fibers. ACM Transactions on Graphics (Proc. SIGGRAPH),
22(3):780-791, 2003.

This paper makes the first serious effort at a realistic scattering model for hair, based on
the characteristics of real hair. Drawing from studies of reflection from other cylindrical
structures, the authors propose an analytical model for reflection from hair that includes
surface reflection, transmission, and internal reflection, and accounts for the asymmetric
microgeometry of the surface. The key predictions are a double specular highlight—one
colored, and one white—and a strong azimuthal variation in the internally reflected light
that contributes to the visual texture of hair.
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BTFs

[1] Kiristin J. Dana, Bram van Ginneken, Shree K. Nayar, and Jan J. Koenderink. Reflectance and
texture of real-world surfaces. In IEEE Conference on Computer Vision and Pattern Recognition,
pages 151-157, 1997.

This paper introduced Bidirectional Texture Functions to the computer graphics commu-
nity. The authors present the CUReT reflectance and texture database which made BTF
and BRDF measurements publicly available for the first time. The sampling density of
the BTFs (205 images per material) was not yet sufficient for high-quality rendering.

[2] D. McAllister, A. Lastra, and W. Heidrich. Efficient rendering of spatial bi-directional reflectance
distribution functions. Graphics Hardware 2002, 2002.

The authors present the first real-time rendering framework for BTFs. They used the
Lafortune model to approximate the spatially varying BRDFs which leads to an extreme
compact representation amendable to hardware implementation.

[3] M. Sattler, R. Sarlette, and R. Klein. Efficient and realistic visualization of cloth. Proceedings of
the Eurographics Symposium on Rendering 2003, 2003.

In this paper the first BTF real-time rendering framework based on statistical data analy-
sis is presented. It describes the whole pipeline from measurement using fully automatic
setup over compression to rendering including image-based illumination and large scale
shadows.

[4] Xin Tong, Jingdan Zhang, Ligang Liu, Xi Wang, Baining Guo, and Heung-Yeung Shum. Synthesis
of bidirectional texture functions on arbitrary surfaces. In Proceedings of SIGGRAPH, pages 665—
672. ACM Press, 2002.

The authors present a fast synthesis algorithm for BTFs on arbitrary surfaces. It is based
on a quantization of the BTF data leading to so called fextons and a novel search strategy
called k-coherance search.
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Reflectance Fields

[1]

(2]

[4]

Jefferson Y. Han and Ken Perlin. Measuring bidirectional texture reflectance with a kaleidoscope.
ACM Trans. Graph., 22(3):741-748, 2003.

This paper demonstrated the acquisition of images from many viewpoints simultaneously
using a kaleidoscope. By using a video projector and a beamsplitter, the reversibility of
light transport allows arbitrary directions of illumination to also be provided.

Tim Hawkins, Andreas Wenger, Chris Tchou, Andrew Gardner, Fredrik Goéransson, and Paul E.
Debevec. Animatable facial reflectance fields. In Proceedings of the 15th Eurographics Workshop
on Rendering, pages 309-321, 2004.

This paper demonstrated a system for rapidly capturing directional illumination on a hu-
man subject. The system was used to capture a large number of facial expressions, pro-
ducing a relightable morphable model. Multiple cameras and a coarse geometric model
provide for the viewpoint to also be changed.

Eric P. Lafortune and Yves D. Willems. A theoretical framework for physically based rendering.
Computer Graphics Forum, 13(2):97-107, June 1994.

This paper introduced the Global Reflectance Distribution Functions, a 10-dimensional
function which captures the overall light transport in a scene.

Vincent Masselus, Pieter Peers, Philip Dutré, and Yves D. Willems. Relighting with 4d incident
light fields. ACM Transactions on Graphics, 22(3):613-620, July 2003.

This paper captured images of an object illuminated by a video projector. By moving the
video projector to many different positions, and by capturing many different projected
patterns, they construct a 6-dimensional subset of the object’s reflectance field which
allows the object to be relit by any desired incident light field.

Wojciech Matusik, Hanspeter Pfister, Addy Ngan, Paul Beardsley, Remo Ziegler, and Leonard
McMillan. Image-based 3d photography using opacity hulls. In Proceedings of ACM SIGGRAPH
2002, Computer Graphics Proceedings, Annual Conference Series, pages 427-437. ACM Press /
ACM SIGGRAPH, July 2002.

This paper captures images of an object from many directions of view and under many
directional illumination conditions. They map this 6-dimensional reflectance field data
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onto a refined version of a visual hull known as an opacity hull. They can then produce
realistic renderings from any desired viewpoint and under any directional illumination
condition of objects with very intricate geometric features.
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Calibration

SIGGRAPH200=

several methods commonly used, e.g.,

[Tsai '87, Heikkila '97, Zhang "99]

Matlab calibration toolbox by Jean-Yves

Bouguet
http://www.vision.caltech.edu/bouguetj/calib_doc/

also included in the OpenCV Open Source
Computer Vision library distributed by Intel

Course 10: Realistic Materials in Computer Graphics Michael Goesele

Camera Model
(simplified from Bouguet)

SIGGRAPH200=

point in camera reference frame is mapped
to normalized pinhole coordinates

I x%@ | | X AZ,
@7 vz,

Course 10: Realistic Materials in Computer Graphics Michael Goesele

Camera Model
(simplified from Bouguet)

SIGGRAPH200=

normalized point coordinates are computed
using distortion model

only parameterized by distance from center
X4 (L
X, :{ o )}:(u ke@)r? +ke(2)r* +ke(3)re)x,
X4 (2)
rt=x,0)° +x,(2)°
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Camera Model
(simplified from Bouguet)

SIGGRAPH200=

final pixel coordinates are computed using

focal length and principal point

X, (] [ fe()-x, (1) [ cc@
%, | | fe(2)-x,(2) | | cc(2)

Course 10: Realistic Materials in Computer Graphics

Michael Goesele

Calibration Approach SIGGRAPH200E
capture images of test target with %
known geometry

=
AT

cover space and angles with planar i%
target

solve for intrinsic and extrinsic &

parameters
quality can be checked by :

i

reprojection i w
e

Course 10: Realistic Materials in Computer Graphics

Photometric Calibration

SIGGRAPH200=

(225,203,216)

(141,25,4)

Camera Response Curve
(OECF)

relationship between digital counts and
luminance is unknown (and often non-linear)

SIGGRAPH200=

gamma correction

image optimizations

can be described by response curve or
OECF (Opto-Electronic Conversion
Function)

(OECF)

direct measurement via test chart
patches with known gray levels

uniform illumination

patches arranged in a circle to su
effects (e.g. vignetting)

(40,70,143)
What do these RGB values (digital counts) mean?
Course 10: Realistic Materials in Computer Graphics Michael Goesele
Camera Response Curve
SIGGRAPH200=

ppress lens

inversion using OECF leads to pixel values
linearly related to luminance values

Course 10: Realistic Materials in Computer Graphics Michael Goesele
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Definition of DynamiC Range SIGGRAPH200=

dynamic range is the ratio of brightest to
darkest (non-zero) intensity values in an
image
assuming linear intensity
often given as
ratio: 1:100.000
orders of magnitude: 5 orders of magnitude
in decibel: 100 dB
Course 10: Realistc Materials in Compuer Graphics Michael Goesele




Sources of Dynamic Range sicarapmzoos
diffuse materials reflect 0.5% — >90% of
incoming light

specular highlights much brighter
lit regions vs. in shadow regions
moonless night vs. sunny day

- high dynamic range mainly caused by
illumination effects

Course 10: Realistic Materials in Computer Graphics Michael Goesele

Sources of Dynamic Range sicarapmzoo:

Course 10: Realistic Materials in Computer Graphics Michael Goesele

DynamiC Range of Cameras sicaraphzoos

example: photographic camera with standard

CCD sensor
dynamic range of sensor
exposure variation 1/60" s — 1/6000" s
(handheld camera/non- static scene) 1:100
varying aperture /2.0 — f/22.0 ~1:100
exposure bias/varying “sensitivity” 1:10

total (sequential) 1:100,000,000

simultaneous dynamic range still onI

Course 10: Realistic Materials in Computer Graphics Michael Goesele

High Dynamic Range (HDR)
Imaging

SIGGRAPH200=

I 500,000

IO

Course 10: Realistic Materials in Computer Graphics Michael Goesele

High Dynamic Range (HDR)
Imaging

SIGGRAPH200=

analog film with several emulsions of
different sensitivity levels by Wyckoff in the
1960s

dynamic range of about 108

modern CMOS sensors can achieve a
dynamic range of 108 — 108
logarithm in analog domain

multiple exposure techniques

Course 10: Realistic Materials in Computer Graphics Michael Goesele

High Dynamic Range
Imaging

SIGGRAPH200=

'li
+ response
curve

linearized images

extending dynamic
range of ordinary
camera

combining multiple
images with different

.
B>
i
exposure e

floating point
HDR image

Course 10: Realistic Materials in Computer Graphics Michael Goesele




Determining the Response
Curve

SIGGRAPH200=

[Madden 1993] assumes linear response
correct for raw CCD data

[Debevec and Malik 1997]
selects a small number of pixels from the images

performs an optimization of the response curve
with a smoothness constraint

[Robertson et al. 1999, 2003]

optimization over all pixels in all images

Course 10: Realistic Materials in Computer Graphics Michael Goesele

Algorithm of Robertson et al. siccraptzoo:

Principle of this approach:
calculate a HDR image using the response curve

find a better response curve using the HDR image
(to be iterated until convergence)

assume initially linear response

Algorlthm of Robertson et al. sicaraphzoo=

input:
series of i images with exposure times t;
pixel value at image position j is y; = f(tx)
find irradiance x; and response curve I(y;)
tx; is proportional to collected charge/radiant energy

f maps collected charge to intensity values

fﬁl(yh‘) :tin =1 (yij)

Course 10: Realistic Materials in Computer Graphics Michael Goesele
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Algorlthm of Robertson et al. sicarahzoos

additional input:
a weighting function w(y;) (bell shaped curve)

an initial camera response curve I(y;) — usually
linear

calculate HDR values x; from images using

1(yy) Yi

2 ij ij

Z Wyt - t

X =— i X =
] 2 ]
2 W(y; )t
i
Course 10: Realistic Materials in Computer Graphics Michael Goesele

Algorithm of Robertson et al. sicaraptzoos

optimizing the response curve I;
start again with definition f~(y;) qtx; = 1(y;)
minimization of objective function Q
0= w(y)(1(y;)-tix)*
)

using Gauss-Seidel relaxation yields

En ={(, )1y, =m}

1

") = ey 2

Card(E,,,) = number of elements in E_,

Course 10: Realistic Materials in Computer Graphics Michael Goesele

Algorithm of Robertson et al. sicerapHzoo:

both steps are iterated
calculation of a HDR image using |
optimization of | using the HDR image

| needs to be normalized, e.g., 1(128)=1.0

stop iteration after convergence
criterion: decrease of O below some threshold

usually only a couple of iterations

Course 10: Realistic Materials in Computer Graphics Michael Goesele



HDR Imaging: Algorithm of 9
Robertson et al. SieaRapHz0s

log(1(y;))
Course 10: Realistic Materials in Computer Graphics Michael Goesele
HDR Example: Capturing <9
- SIGGRAPH200=
Environment Maps
Course 10: Realistic Materials in Computer Graphics Michael Goesele

=

y

Algorithm of Robertson et al. sssaamtocos

choice of weighting function w(y;) for HDR
reconstruction

introduce certainty function c as derivative of the
response curve with logarithmic exposure axis

approximation of response function by cubic
spline to compute derivative

W = W(yij) =c(l yij)

Course 10: Realistic Materials in Computer Graphics Michael Goesele

HDR Example: Capturing <9
- SIGGRAPH200=

Environment Maps
@& O
® ol

1/2000s 1/500s 1/125s 1/30s 1/8s

series of input images
Course 10: Realistic Materials in Computer Graphics Michael Goesele
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Algorithm of Robertson et al. sianapzoce

choice of weighting function w(y;) for
response recovery

(y; —127.5)
w, =exp| -4 — "
i p[ 127.5

for 8 bit images

possible correction at both ends
(over/underexposure)

motivated by general noise model

Course 10: Realistic Materials in Computer Graphics Michael Goesele

Input Images for Response ‘9
Recovery SIGGRAPH200E
my favorite:

grey card, out of focus, smooth illumination
gradient

advantages
uniform histogram of values

no color processing or sharpening interfering with
the result

Course 10: Realistic Materials in Computer Graphics Michael Goesele



White Balance

capture the spectral
characteristics of
the light source to
assure correct
color reproduction

Course 10: Realistic Materials in Computer Graphics

SIGGRAPH200=

flourescent flash
images taken with different camera settings

Michael Goesele

Color Calibration

Course 10: Realistic Materials in Computer Graphics

SIGGRAPH200=

BRDF model of real
object

long processing
pipeline

which image is
(more) correct?

Michael Goesele

White Balance

SIGGRAPHZ200E

capture white surface under target
illumination

scale color channels to achieve uniform
intensity values

often built-in function

Michael Goesele

Course 10: Realistic Materials in Computer Graphics

Color Calibration

SIGGRAPH200=

input device
(e.g. camera)

ICC color management system
capture the properties of all

_inpu'( profile
devices
. . display - profile
camera and lighting d(ZV;fe connection
) . -9 space
monitor settings monitor)

output profile

output properties

common interchange space

output device
(e.g. printer)

Course 10: Realistic Materials in Computer Graphics Michael Goesele

Color Calibration

C

SIGGRAPH200=

input device
(e.g. camera)

input profile

profile connection spaces

CIELAB (perceptual linear)

linear CIEXYZ color space

profile

can be used to create an high .. +—| connection
dynamic range image in the RiE
profile connection space

allows for a color calibrated
workflow

output device
(e.g. printer)

ourse 10: Realistic Materials in Computer Graphics Michael Goesele

Color Calibration

SIGGRAPH200=

[Goesele et al. 2004]

Course 10: Realistic Materials in Computer Graphics Michael Goesele




Limits of White Balance and
Color Calibration

SIGGRAPH200=

fluorescence effects

signal colors

optical brighteners
test targets daylight (HMI)

color calibration impossible

cannot be solved using white

Overview Acquisition BasiCS sicarapmzoo:

digital cameras

geometric and photometric
calibration

high dynamic range imaging

light sources

lab setup

geometry acquisition

balance
green LED
Course 10: Realistic Materials in Computer Graphics Michael Goesele
General Measurement
Approach SIGGRAPH200=
find relation between ?

incoming and outgoing
light at a surface point 43

derive information from
this data

knowledge and control
over light sources

Course 10: Realistic Materials in Computer Graphics Michael Goesele
nghtlng Requirements SIGGRAPH200%

photometric properties
uniform spatial distribution
color constant over time
even spectral distribution

very bright and efficient

Course 10: Realistic Materials in Computer Graphics Michael Goesele

needed
Course 10: Realistic Materials in Computer Graphics Michael Goesele
nghtlng RGQUirementS SIGGRAPH200=

emission pattern
requirements depend on application,
e.g.
well defined light source
incident angle as small as possible
parallel light source (e.g. laser beam)
point light source
lens or reflector based systems are not ideal

Course 10: Realistic Materials in Computer Graphics Michael Goesele

Point nght Source Example SIGGRAPH200=

FES -

800 W HMI light source

very efficient
(equals 2500 W tungsten light)

(almost) daylight spectrum

constant colors

point light source

Course 10: Realistic Materials in Computer Graphics Michael Goesele




-

Point Light Source Example  sarapioocs

more information about
lighting in the individual
sections of the course ...

Course 10: Realistic Materials in Computer Graphics Michael Goesele
.
]
Lab Setu P SIGGRAPH200E

part of the lighting considerations

often low and diffuse reflection required to
minimize the influence of the environment
MPI photo studio

walls and ceiling covered with black felt

black needle fleece carpet

Course 10: Realistic Materials in Computer Graphics Michael Goesele
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Overview Acquisition BasiCS sicarapmzoo:

digital cameras

geometric and photometric
calibration

high dynamic range imaging

light sources

lab setup

geometry acquisition

Course 10: Realistic Materials in Computer Graphics Michael Goesele
.
]
Lab Setu P SIGGRAPH200%

Course 10: Realistic Materials in Computer Graphics Michael Goesele
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Lab Setup

SIGGRAPH200=

tuned for efficiency and flexibility
enough space
enough stands, supporting materials, ...

have some lighting available in dark areas
e.g., radio controlled light switch

safety concerns

Course 10: Realistic Materials in Computer Graphics Michael Goesele
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Overview ACC]UiSition BasiCS sicaraphzoos

digital cameras

geometric and photometric
calibration

high dynamic range imaging

light sources
lab setup

geometry acquisition

Course 10: Realistic Materials in Computer Graphics Michael Goesele
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SIGGRAPH200=

Geometry Acquisition

geometry of test targets often required

could teach a separate course about the
topic

but some comments ...

Course 10: Realistic Materials in Computer Graphics Michael Goesele
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Geometry Acquisition SIGGRAPH200

usage of standard tools for acquisition
pipeline

aligning several scans

merging into single dataset

surface triangulation

hole filling

noise removal

Course 10: Realistic Materials in Computer Graphics Michael Goesele
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Geometry Acquisition

SIGGRAPHZ200E

/' projected stripe
laser plane /

]

laser plane camera caplured
projecior view
I
baseline /
Course 10: Realistic Materials in Computer Graphics Michael Goesele
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Uncooperative Materials

SIGGRAPH200=

realistic materials are
nice to look at but often
difficult to scan

requires some
creativity, ...

angel model: based on
CT scan

Course 10: Realistic Materials in Computer Graphics Michael Goesele
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SIGGRAPH200=

Uncooperative Materials

alabaster horse: covered with white dust

Course 10: Realistic Materials in Computer Graphics Michael Goesele
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Overview ACC]UiSition BasiCS sicaraphzoos

digital cameras

geometric and photometric
calibration

high dynamic range imaging

light sources
lab setup

geometry acquisition

Course 10: Realistic Materials in Computer Graphics Michael Goesele
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SIGGRAPHZ00S Outline SIGGRAPHZ00S
Course 10 Image-based BRDF measurement
Realistic Materials in Computer Graphics Efficient measurement
Validation of analytic BRDF models
Homogeneous Isotropic BRDFs Data-driven BRDF model
Wojciech Matusik
MERL
Course 10: Realistic Materials in ComEu(er GraEhlcs Wojciech Matusik
- e
' | '
Reflectance SIGGRAPHZ00E Reflectance SIGGRAPHZ00E
Bidirectional Reflectance Distribution Function Isotropic BRDF
BRDF
( ) fr(ei’erﬂd)d)

fr(ei’q)i’erv(br)

Course 10: Realistic Materials in Computer Graphics Wojciech Matusik Course 10: Realistic Materials in Computer Graphics Wojciech Matusik
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Measurement SIGGRAPH200S Measurement SIGGRAPH200S
Inspired by Marshner [1998] Camera

Qlmaging Retiga

Firewire Connection

”"l" 5"{"" °1'“°" High-Res (1300x1030)
Q 10 bits, Bayer pattern
L :IL| T : - ] . Exposure 40us - 16 min : - ] {
HDR imaging

Tumntable
17 pictures: 40 us - 30 s

Linear Response Curve
Course 10: Realistic Materials in Computer Graphics Wojciech Matusik Course 10: Realistic Materials in Computer Graphics Wojciech Matusik




Measurement

Light Source
Hamamatsu SQ Xenon
lamp

Stable emission output

Continuous and relatively
constant radiation spectrum

2

SIGGRAPHZ00=

Geometric calibration
Contact digitizer
Faro Arm

Intrinsic & extrinsic camera
parameters

Sphere center & radius
Light Position

parameterized on a circle in 3D

Course 10: Realistic Materials in Computer Graphics Wojciech Matusik
P
<Jd
Calibration SIGGRAPH200=

Tabulated BRDFs

These BRDFs are immediately useful

Direct renderings from measurements

= :“‘-\. - = G R
Nickel Hematite Gold Paint

Course 10: Realistic Materials in Computer Graphics

Course 10: Realistic Materials in Computer Graphics Wojciech Matusik
P
Rendering from <9
SIGGRAPH200Z

o O
Pink Felt

Wojciech Matusik

-

’Jd
Measurement SIGGRAPHZ00S
Turntable
Kaidan MD-19

Computer-controlled
Dark Room

Walls painted with flat
black paint

Spherical Samples

Course 10: Realistic Materials in Computer Graphics Wojciech Matusik
P
Jd

Measurement SIGGRAPH200S

20-80 million reflectance measurements per
material

Each tabulated BRDF entails
90x90x180x3=4,374,000 measurement bins

QU= 0L .00 _Wo. u.500
wildY W . d_c@@0Un@dNy.
swuw B ll@iﬂ'iﬂﬂ.ﬁ.
0 _ ey WO _ e-W__O0ve

ﬁﬂli.‘-idﬂiﬂﬂﬂiuﬂﬂﬂﬂﬁ
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Outline SIGGRAPH200S

Image-based BRDF measurement

Validation of analytic BRDF models
Data-driven BRDF model

Course 10: Realistic Materials in Computer Graphics Wojciech Matusik
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IT WAS PAINFUL!!!

SIGGRAPHZ00=

Each ball took over 4 hours

In 2 years we measured slightly
more than 100 balls

We repeated the whole process
two times, using different light
sources, and photometric
calibrations

Can we apply what we’ve
learned thus far to speed up
the process in the future?

Course 10: Realistic Materials in Computer Graphics Wojciech Matusik
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Wavelet Analysis of BRDFS  siccraptzoo:

Wavelets are a very compact representation for
BRDFs

Schrdder [95], Lalonde [97]

BRDFs exhibit high frequencies in very specific regions
of their parameter space

Wavelets perform localized analysis of a larger signal

Course 10: Realistic Materials in Computer GraEh\Cs Wojciech Matusik

BRDFs Reconstructed from ’

CWB samples

1.3%

SIGGRAPH200Z

Orange
plastic

Alumlnum -- 12%
bronze

BRDFs based on 69K samples on left, dense samples on right

3.2%

-
]
Measurement Process SIGGRAPHZ00E
p 2. Find Compact Basis|
1. Measure BRDFs
3. Optimize Sampling
Course 10: Realistic Materials in Computer Graphics Wojciech Matusik
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Wavelet Analysis of BRDFS  sicoraptzoo:

For a given BRDF, most (+97%) of the information is in only a few
wavelet coefficients

Repeat for all BRDFs, and compute their union
Common Wavelet Basis (CWB) = ~69,000 coefficients

This gives 69K specific places to measure each BRDF

Q%

Course 10: Realistic Materials in Computer Graphics Wojciech Matusik
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Pull-Push Reconstruction of ’
SIGGRAPHZ00S

BRDFs

Alternatively, use Pull-Push to reconstruct
(Gortler, et al. 96)

Treat as scattered data interpolation problem

Wojciech Matusik

Course 10: Realistic Materials in Computer Graphics
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Push-Pull Reconstructions  siceraphzooe

Dark-red
paint

Gold

K 0.9%
paint

Orange
plastic

Aluminum
bronze

Course 10: Realistic Materials in Computer Graphics Wojciech Matusik

. . . i
Linear Combinations of
SIGGRAPHZO0Z
BRDFs
Dark_—red 1.8%
paint
Gold 1.8%
paint
Orange 4.3%
plastic
Altl:mmum 2.5%
ronze
BRDFs based on 800 samples
Course 10: Realistic Materials in Comeuler GraEh\cs \Wojciech Matusik
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Outline SIGGRAPH200Z

Image-based BRDF measurement

Efficient measurement

Data-driven BRDF model

Course 10: Realistic Materials in Computer Graphics Wojciech Matusik

Linear Combinations of
BRDFs (LCB)

that match any new one?
BRDFs

these 100 coefficients robustly

]

SIGGRAPHZ00=

Can we find a linear combination of our existing BRDFs
Requires only estimating 100 coefficients for source

Compute a set of 800 constraints that allow estimating

0‘li'F 0‘2i+ “3'+ 0‘4. *ees -

Phenomenological

Phong [75]
Blinn-Phong [77]

Ward [92]
Lafortune et al. [97]
Ashikhmin et al. [00]

Physical
Cook-Torrance [81]
He et al. [91]

Course 10: Realistic Materials in Computer Graphics

Course 10: Realistic Materials in Computer Graphics Wojciech Matusik
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Sampling Methods
. h SIGGRAPH200S
Discussion
CWB and Push-Pull
require 69,000 measurements
BRDF database not required
Linear Combination of BRDFs
requires fewer measurements (800)
requires BRDF database
Course 10: Realistic Materials in Computer Gvaehics Wojciech Matusik
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BRDF Models SIGGRAPH200S

Wojciech Matusik
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Differences in BRDF Models sicerapHzoo:

Rt

Specular lobe definition ” " R
Mirror direction ’
Half vector

Specular lobe falloff
cos" (cosine lobe)
Gaussian

Fresnel effect

surface becomes more
reflective near grazing
ang|e [Lafortune 97]

-

]

Validation Method

BRDF Models

Phong, Blinn-Phong, Ward, Lafortune, Ashikhmin,
Cook-Torrance

SIGGRAPHZ00=

Course 10: Realistic Materials in Computer Graphics Wojciech Matusik
-
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Dark blue paint SIGGRAPH200=

Acquired data Environment map

Data fitting
Each material is fitted to each of the models
Minimize
L2 error of the BRDF multiplied by the cosine of incident
angle
Course 10: Realistic Materials in ComEuler GraEhlcs Wojciech Matusik
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Dark blue paint SIGGRAPH200%

Acquired data Cook-Torrance

Course 10: Realistic Materials in Computer Graphics Wojciech Matusik
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Dark blue paint SIGGRAPH2005
Acquired data Ashikhmin

Course 10: Realistic Materials in Computer Graphics Wojciech Matusik
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Dark blue paint SIGGRAPH2005
Acquired data Lafortune
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Dark blue paint SIGGRAPHZ00S Dark blue paint SIGGRAPH200%
Acquired data Blinn-Phong Acquired data Ward
Course 10: Realistic Materials in Computer Graphics Wojciech Matusik Course 10: Realistic Materials in Computer Graphics Wojciech Matusik
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Dark blue paint SIGGRAPH200= Chrome SIGGRAPH200%

Acquired data Ashikhmin Blinn-Phon:

Acquired data

Cook-Torrance Lafortune Ward
Course 10: Realistic Materials in Computer GraEh\Cs Wojciech Matusik Course 10: Realistic Materials in Computer GVaEhiCS Wojciech Matusik
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| |
Chrome SIGGRAPH200S Observations SIGGRAPH200Z

Original Ashikhmin Blinn-Phong

Some materials impossible to represent with a
single lobe

Acquired data Cook-Torrance

Cook-Torrance Lafortune Material — Red Christmas Ball
Course 10: Realistic Materials in Computer Graphics Wojciech Matusik Course 10: Realistic Materials in Computer Graphics Wojciech Matusik




SIGGRAPHZ00=

Adding a second lobe

Some materials impossible to represent with a
single lobe

Acquired data Cook-Torrance 2 lobes

Material — Fh{ed Christmas Ball

Course 10: Realistic Materials in Computer Graphics Wojciech Matusik
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Observations SIGGRAPH200=
Cook-Torrance, Ashikhmin

Consistently outperform the other models
Lafortune

High discrepancy near grazing angle

Shape of lobe very different
Ward, Blinn-Phong

unable to reproduce Fresnel effect

Microfacet theory (T&S 1967) sicoraptzoo:

Surface modeled by tiny perfect mirrors

Value of BRDF at (L,V) = # of mirrors oriented halfway
between L and V

BRDF naturally represented by function of H

Shape of the mirror lobe cannot be explained with any
microfacet distribution

[Shirley 97]

Course 10: Realistic Materials in Computer Graphics Wojciech Matusik

Outline SIGGRAPHZ00S

Image-based BRDF measurement
Efficient measurement

Validation of analytic BRDF models

Course 10: Realistic Materials in Comeu(er GraEmcs \Wojciech Matusik
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BRDFs as Vectors in High
SIGGRAPHZ00E

Dimensional Space

Each tabulated BRDF is a vector in 90x90x180x3
=4,374,000 dimensional space

lBV

Unroll

90 .
-—
90

4,374,000

Course 10: Realistic Materials in Computer Graphics Wojciech Matusik
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Linear Analysis (PCA) SIGGRAPH2005

Eigenvalue

Find optimal linear magnitude
basis for our data set

45 components
needed to reduce
residue to under
measurement error Dimension

-
o 20 40 60 100 120
mean 5 10 20 30 45 60 all

80
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Cross-Validation of
Linear Model

linear combination original

linear combination

]

SIGGRAPHZ00=

original

Subspace

Navigation in linear subspace
interpolation

extrapolation

Subspace Modeling

Large number of basis vectors (45)

Some linear combinations yield invalid or unlikely BRDFs

linear combination original linear combination original
Course 10: Realistic Materials in Computer Graphics Wojciech Matusik
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Problems with Linear
SIGGRAPHZ00Z

BRDF Modeling using Linear

]

SIGGRAPHZ00=

All results are linear combinations of the source
BRDFs

Course 10: Realistic Materials in Computer GraEh\Cs Wojciech Matusik
H ]
Why does linear
- - SIGGRAPH200Z
modeling fail?
°
°
°
° <
-e N
‘e, 1\."
° °
° °
LN °
T o o°
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Learning

Back-projection |

Linear Embedding Space

Course 10: Realistic Materials in Computer Graphics

l Projection

- 0 0 0 O 0OOKOOG0NC0VOOT O 0000
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Why does linear
- - SIGGRAPHZ00Z
modeling fail?
., .
° <
° °
e o
o °
° o o°
%0 o °
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Non-Linear Manifold
SIGGRAPH200=

Wojciech Matusik




Results of Non-Linear
. . SIGGRAPH200S
Manifold Learning
Charting [Brand03] Error
At 15 dimensions
reconstruction error
is less than 1%
Parameter count similar
to analytical models
5 10 15
Dimensionality
Course 10: Realistic Materials in Comeu(er Graeh\cs Wojciech Matusik
Trait Vector
. . SIGGRAPH200S
Determination
@ - trait present
° @ - trait not present}
° o O - unclassified
Course 10: Realistic Materials in Comeu(er Graeh\cs \Wojciech Matusik

Trait Vector

Determination
Fisher’s linear discriminant

SIGGRAPH200Z

Find the axis such that distribution projected onto it are the most

separable .
P @ - trait present

» ® - trait not present
’ O - unclassified

Intuitive User Interface for
our BRDF Model

SIGGRAPHZ00=

User classification of BRDFs according to a set of
predefined traits
e.g.: red, specular, diffuse, metallic, plastic, rough,
silver, fabric, acrylic, greasy, dusty, ...

User starts from a source BRDF and applies trait
vectors to create desired model

Course 10: Realistic Materials in Computer Graphics Wojciech Matusik

Trait Vector

Determination
Mean difference

SIGGRAPHZ00Z

® - trait present
° @ - trait not present
O - unclassified

Course 10: Realistic Materials in Computer Graphics Wojciech Matusik
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Trait Vector

Determination
Support Vector Machines

SIGGRAPH200=

Find optimal partitioning hyperplane, and use its normal

® - trait present

° / @ - trait not present
° o p’ O - unclassified
°
. AR AN I
. eo, Te ©
e %o %1y e o,
o p° ©
o o
ol ° e
R 3 I/°o o e o e
e e
l\
Il~. . o
1

Wojciech Matusik
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Navigation Results

PC s
Adding Silver Trait

2

SIGGRAPHZ00=

Navigation Results

<2 o -
Adding Specular Trait

Course 10: Realistic Materials in Computer Graphics Wojciech Matusik
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Navigation Results SIGGRAPH200E

Adding Metallic Trait

-

<9

SIGGRAPHZ00=

Course 10: Realistic Materials in Computer Graphics Wojciech Matusik
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Navigation Results SIGGRAPH200E

Course 10: Realistic Materials in Computer Graphics Wojciech Matusik
. . =
Representing Physical <J
SIGGRAPH200Z

Processes

Course 10: Realistic Materials in Computer Graphics

Wojciech Matusik

Course 10: Realistic Materials in Computer Graphics Wojciech Matusik
P
<9
Outline SIGGRAPH200S

Image-based BRDF measurement
Efficient measurement

Validation of analytic BRDF models
Data-driven BRDF model

Course 10: Realistic Materials in Computer Graphics

Wojciech Matusik
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SIGGRAPHZ00=

Course 10
Realistic Materials in Computer Graphics

Heterogeneous Isotropic BRDFs

SIGGRAPH2005 Hendrik P.A. Lensch

Stanford University

Homogeneous BRDF SIGGRAPH200S Spatially Varying BRDF SIGGRAPH200S

Course 10: Realistic Materials in Computer GraEh\CS Hendrik Lensch Course 10: Realistic Materials in Computer GVaEhiCS Hendrik Lensch

Approaches - Sampling SIGGRAPH200E Approaches - lllumination SIGGRAPH2002
dense sampling for each texel point light
Reflectance Fields, BTF controlled condition
sparse sampling interreflections most often neglected
image-based BRDF Measurement environment maps
combining samples from different surface points still direct illumination only
spatial variation global inverse illumination
constant specular part vs. clustered BRDFs
Course 10: Realstic Materials in Computer Graphics Hendrik Lensch Course 10: Realistc Materials in Comptter Graphics Hendrik Lensch




Image-Based
BRDF Measurement SIGGRAPH200S SIGGRAPH200E
o0 BRDF Measurement 0
Gonioreflectometer [Marschner 1999, camera
sensor A Lu & Koenderink 1998, >
]
light source

capture lots of BRDF

samples at one shot by

a sensor array / camera.

homogeneous, isotropic )

sample materials only curved sample

Course 10: Realistic Materials in Comeuter Graemcs Hendrik Lensch Course 10: Realistic Materials in ComEuler GraEhlcs Hendrik Lensch
Acquisition Setup SIGGRAPH200= BRDF Fitting and Clustering SIGGRAPH200%

Camera and light
source are moved
manually around
the object.

Registration BRDF
View . i
Visibily] ~\Resamp"ng\—»-g
1 B [ Clustering |
Positions are
calibrated with

respect to the object.

The dark room
reduces reflections
from the environment.

Course 10: Realistic Materials in Comeu(er Graeh\cs Hendrik Lensch Course 10: Realistic Materials in CumEulev Gvaehics Hendrik Lensch
BRDF Acquisition SIGGRAPHZ00= BRDF Fitting and Clustering sicenaptzoo:

Capture HDR-images from various viewpoints with
different light source positions.

Reglstratlon BRDF
! e
N -
/ Shadows

-
, _ ,*\\ Clusterlng
7 _, N
’_ - \\ N ,
# Y
b \
Y
v$ Voo
AENY %
AN s
AN o
AN -7
N NS s
PR 4

Course 10: Realistic Materials in Computer Graphics Hendrik Lensch Course 10: Realistic Materials in Computer Graphics Hendrik Lensch




3D-2D Registration SIGGRAPH2005

calibrated gantry
corresponding points

silhouette-based
method

Hendrik Lensch

Course 10: Realistic Materials in Computer Graphics

Light Source Position SIGGRAPH200=

detect highlights of ring flash reflections
determine the position of the spheres

3

Course 10: Realistic Materials in Computer Graphics

Hendrik Lensch

Light Source Position SIGGRAPHZ00=

detect highlights of light source reflections

reconstruct light source position

Hendrik Lensch

Course 10: Realistic Materials in Computer GraEh\CS

Light Source Position SIGGRAPH200=

Hendrik Lensch

BRDF Fitting and Clustering sicaraphzoo:

Registration

ew -
R |
Acquisition I ‘ €sampiing ‘
Shadows Clustering

Hendrik Lensch

Course 10: Realistic Materials in Computer Graphics

Course 10: Realistic Materials in Computer GVaEhiCS

Resampling SIGGRAPH2005

for each point on the surface:
find all images where the point is visible and lit

take sample at corresponding pixel position

Course 10: Realistic Materials in Computer Graphics

Hendrik Lensch
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' |
BRDF Fitting and Clustering sisanaptzoo:

Registration BRDF
View p Fitting
—» Vi 7 —»‘ Resampling ‘—»
Shadows

Clustering

-

' |
Key Idea SIGGRAPHZ00S

Very few radiance samples per texel

= no dense sampling of the BRDF

Most real-world objects consist of a small set
of distinct materials.

= fit a BRDF model for each basis material

= start with the avg. BRDF of the entire surface

Course 10: Realistic Materials in Computer Graphics Hendrik Lensch

Course 10: Realistic Materials in Computer Graphics Hendrik Lensch
-
1
The Lafortune Model SIGGRAPH200=

fr (aA)i'[ao) :.+leixwox +a)iywoy) +.‘)iza)ozF
J

physically plausible
diffuse component plus a nhumber of lobes

3*(1+ i*3) parameters (12 for a single lobe model)

fit parameters to samples using Levenberg-

-

)
Fitting BRDFs to Lumitexels sicenaptzoo:

define error measure between a BRDF and a
lumitexel:

Efr (L) = i Z(fr(a’)ij 'a}oj )Cbijz - rj)z

|L| RJ-EL
= average error over
all radiance samples
perform non-linear least square optimization for a

set of lumitexels using Levenberg-Marquardt

yields a single BRDF (i.e. its parameters)
per set of lumitexels

Marquardt
Course 10: Realistic Materials in Computer Graphics Hendrik Lensch
=
‘& |
Fitting Result SIGGRAPH2005

Hendrik Lensch

Course 10: Realistic Materials in Computer Grapnics

Course 10: Realistic Materials in Computer Graphics Hendrik Lensch
=
‘> |
Clustering SIGGRAPH2005

Goal: separate the different materials

similar to Lloyd iteration

start with a single cluster containing all lumitexels
split cluster along direction of largest variance

stop after n clusters have been constructed

Course 10: Realistic Materials in Computer Graphics Hendrik Lensch
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SIGGRAPHZ00=

Split-Recluster-Fit Cycle

cluster [: G

b I .

split recluster fit

split into two BRDFs along direction of largest variance of
parameters (covariance matrix)

distribute initial lumitexels forming two new clusters
refit new BRDFs
repeat reclustering and fitting until clusters are stable
Course 10: Realistic Materials in Comeuler Graemcs Hendrik Lensch

-

)

SIGGRAPHZ00Z

Spatially Varying Materials

Course 10: Realistic Materials in Computer Graphics Hendrik Lensch

!
Clustering Results SIGGRAPH200=
Course 10: Realistic Materials in Computer Graphics Hendrik Lensch
Projection SIGGRAPH200%

Goal: assign a separate BRDF to
each lumitexel

too few radiance samples for a reliable fit

represent the BRDF f” of every lumitexel by a linear

combination of already determined

BRDFs of the clusters fl, fz,..., fm:

fo=tf+t,f,+...+t,f,

determine linear weights t,,1,,...,t

-

A

Projection

SIGGRAPH200Z

compute the pseudo-inverse using non-negative
SVD to get a least squares solution for

n fl(caiv‘z)ul)‘bim f2 (é)il'é)ul)é)il,z fm (Cz’il'é)ul)‘:)il,z 4
r2 _ fl(wlz'wﬂz)wlz,z fZ (MIZ’MDZ)MIZZ fm (wl2’w02)wl2,l tZ
iy £y, @)Dy, T (@) Dy )y, fo (@ @)Dy, )\t

it is a linear problem!

Hendrik Lensch

Course 10: Realistic Materials in Computer Graphics

Course 10: Realistic Materials in Computer Graphics

Hendrik Lensch

Results

Course 10: Realistic Materials in Computer Graphics

SIGGRAPH200=

Hendrik Lensch




Why doing the complicated
clustering?

SIGGRAPHZ00=

Normal Fitting SIGGRAPHZ00S

Course 10: Realistic Materials in Computer Graphics Hendrik Lensch
Without Normal Fitting SIGGRAPH200=

Course 10: Realistic Materials in Computer Graphics Hendrik Lensch

With Normal Fitting SIGGRAPH200%

Course 10: Realistic Materials in Computer Graphics Hendrik Lensch

Model Exhibition for Cultural

Heritage Applications SIGGRAPH2005

Preservation, documentation, restoration, communication,
accessibility

Course 10: Realistic Materials in Computer Graphics - Hendrik Lensch

Reflectance Models for Cultural

Heritage Applications SIGGRAPH200%

Course 10: Realistic Materials in Computer Graphics Hendrik Lensch




SIGGRAPH2005

in p il
max pl ““LL institug

informati

SIGGRAPHZ00=

Course 10
Realistic Materials in Computer Graphics

Translucent Materials

Michael Goesele
MPI Informatik

Translucent Objects SIGGRAPH200=

S

light is scattered through the object

incident illumination smoothed due to diffuse
scattering inside media

Course 10: Realistic Materials in Computer Graphics Michael Goesele

Varying Local lllumination  siceraphzoo:

caused by shadows or directional light sources

Inhomogeneous
Translucent Objects

SIGGRAPHZ00Z

caused by material variation or internal structure

required for realistic appearance

Course 10: Realistic Materials in Computer Graphics Michael Goesele

Course 10: Realistic Materials in Computer Graphics Michael Goesele

Inherent High Dynamic
Range

SIGGRAPH200=

I 500,000

IO

Course 10: Realistic Materials in Computer Graphics Michael Goesele




Overview

SIGGRAPHZ00=

models for translucent objects
the BSSRDF
dipole approximation

hierarchical model for multiple
scattering

acquisition with DISCO

Course 10: Realistic Materials in Computer Graphics Michael Goesele

Models for Translucent
Objects

basic physical properties

SIGGRAPHZ00=

e.g., absorption and scattering cross sections o,
and o [Ishimaru78]

defined for the whole object volume

rendering possible with variety of techniques

Models for Translucent
Objects

rendering techniques (contd.)

SIGGRAPHZ00Z

finite element methods [Rushmeier90, Sillion95,
Blasio3]

bidirectional path tracing [Hanrahan93,
Lafortune96]

photon mapping [Jensen98, Dorsey99]
Monte Carlo simulations [Pharr00, Jensen99]
diffusion [Stam95, Stam01]

precomputed radiance transfer [Sloan03a]

such as
finite element methods [Rushmeier90, Sillion95,
Blasio3]
Course 10: Realistic Materials in Computer Graphics Michael Goesele

Course 10: Realistic Materials in Computer GraEh\Cs Michael Goesele

Models for Translucent
Objects

light fields / reflectance fields

SIGGRAPHZ00Z

light fields [Levoy96,Gortler96,Miller98,Wo0od00,...]
reflectance fields [Debevec00,Malzbender01]
opacity hulls [Matusik03]

incident light fields [Masselus03]

no correct response to locally varying illumination

see remainder of the course

Models for Translucent
Objects

SIGGRAPH200Z

specialized models
BSSRDF [Nicodemus 1977]

dipole approximation [Jensen et al. 2001]

includes measurements of physical parameters for
homogeneous materials

DISCO system to acquire diffuse multiple
scattering model R, [Goesele et al. 2004]

modeling of inhomogeneous materials

Course 10: Realistic Materials in Computer Graphics Michael Goesele

Course 10: Realistic Materials in Computer GvaEhiCs Michael Goesele
Overview SIGGRAPH200S

models for translucent objects
the BSSRDF
dipole approximation

hierarchical model for multiple
scattering

acquisition with DISCO

Course 10: Realistic Materials in Computer Graphics Michael Goesele




The BSSRDF

SIGGRAPHZ00=

bidirectional scattering-surface reflectance
distribution function [Nicodemus 1977]

general model of light transport inside an object

(almost) equivalent to a reflectance field
[Debevec et al. 2000]

ratio of reflected radiance to incident flux

8 dimensional function

Course 10: Realistic Materials in Computer Graphics Michael Goesele
]
The BSSRDF SIGGRAPH200S

outgoing radiance computed by integrating
over the whole surface and all incoming
directions

L—(-Fn-JJn) = [t /Q L'_{ra";'f)
S(

Tiy Wi Ty wo ) (N - i) d;dT;

Course 10: Realistic Materials in Computer GraEh\Cs Michael Goesele

The BSSRDF SIGGRAPHZ00S
& n, n ‘
4§ 0

0 ¢,

AL (T, @0)

S(.’L’,:._ Wi Ty, i.c)”) = m

Course 10: Realistic Materials in Computer Graphics Michael Goesele

Single Scattering vs.
Multiple Scattering

SIGGRAPHZ00Z

single scattering
contribution strongly
dependent on incoming
light direction

example: honey pot
illuminated by a laser from

Single Scattering vs.
Multiple Scattering

SIGGRAPH200Z

multiple scattering

(almost) independent of

incident light direction
example: alabaster block

illuminated by a laser from
the left

the left
Course 10: Realistic Materials in Computer Gvaehics Michael Goesele

Course 10: Realistic Materials in Computer Graphics Michael Goesele

Single Scattering vs.
Multiple Scattering

SIGGRAPH200=

often modeled

independently, e.g.,
single scattering using ray
tracing

multiple scattering using a
less complex model with
diffuse approximation

Course 10: Realistic Materials in Computer Graphics Michael Goesele
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SIGGRAPHZ00=

Diffuse Approximation
BSSRDF too complex for many application

acquisition, storage, ...
all combinations of directions and positions

e

-

-
Course 10: Realistic Materials in Computer Graphics Michael Goesele

=

]
Diffuse Approximation SIGGRAPH200=
approximate BSSRDF by diffuse reflectance
only 4 dimensions

requires Fresnel terms at incoming and outgoing
locations

simplifies handling drastically
| v s
Fy(n, @) Rq(Ti, o) Fy(n, @o)

i

S‘(.’F} N i;‘;': :F()- ';2’.(}) =

-

]

SIGGRAPHZ00=

Diffuse Approximation

neglect directional dependence

frequent scattering events in optically dense media
lead to diffuse scattering inside the media

e

">

Course 10: Realistic Materials in C?m’Eu'ler Graphics Michael Goesele

=

]
Overview

SIGGRAPHZ00Z

models for translucent objects
the BSSRDF
dipole approximation

hierarchical model for multiple
scattering

acquisition with DISCO

Course 10: Realistic Materials in Computer GraEh\Cs Michael Goesele

-

]

SIGGRAPH200Z

Dipole Approximation

[Jensen et al. 2001]
infinite half-space of homogeneous material

optically dense, modeling of multiple
scattering

] o (_,—m.--f.fr-
Ry(7:, 7)) = = z(1+ rrh\r-’,.)T
e~ Ctrdy

¢ f.‘l

n

+ 2,(1 4+ oypdy)

Course 10: Realistic Materials in Computer Graphics Michael Goesele

Course 10: Realistic Materials in Computer Graphics Michael Goesele

-
]
Dipole Approximation SIGGRAPH200=
5,
d, -
z, i,
& 2 %,
d,
:r,
Course 10: Realistic Materials in Computer Graphics Michael Goesele



Dipole Approximation

SIGGRAPHZ00=
r = l_-'r!j
= zr +4AD
d,. Foll, with T = 7 — 2,0
dy Toll, with £, = &; + 240
1+ Fye
A = .
1 = Fuy
L4400 0.710
Fy = 4 0.668 + 0.0636y
s 1y
D 1/3a}
T \__-"Iiiag,n:
o = ogtd
o = aljo;
Course 10: Realistic Materials in Computer Graphics Michael Goesele
Determining Physical
SIGGRAPHZ00Z

Parameters

required for dipole approximation
scattering and absorption coefficient
relative index of refraction

also required for evaluation of single
scattering term

Dipole Approximation

\

Course 10: Realistic Materials in Computer Graphics

s ® i 10 12

SIGGRAPHZ00=

example: marble from [Jensen et al. 2001]

Michael Goesele

Determining Physical
Parameters

image-based measure-

ment setup

[Jensen et al. 2001]
surface point illuminated by
focused beam of white light
object observed by digital
camera

parameters determined via
diffusion solution

Course 10: Realistic Materials in ComEuter GraEh\cs Michael Goesele
Overview SIGGRAPH200S

models for translucent objects
the BSSRDF
dipole approximation

hierarchical model for multiple
scattering

acquisition with DISCO

Course 10: Realistic Materials in Computer Graphics

SIGGRAPH2Z00C
/gz Lignt source
<
o=

Michael Goesele

Course 10: Realistic Materials in Computer Graphics Michael Goesele

Hierarchical Model

exponential fall-off

SIGGRAPH200=

properties of radiosity inside object

strong variation near incident illumination

smooth variation far away from incident illumination

modified by fine-scale structure close to surface

Course 10: Realistic Materials in Computer Graphics Michael Goesele
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Hierarchical Model SIGGRAPH2002
properties of radiosity inside object

exponential fall-off

strong variation near incident illumination

smooth variation far away from incident illumination

modified by fine-scale structure close to surface

A ']

Course 10: Realistic Materials in Computer Graphics Michael Goesele

-

)

SIGGRAPHZ00Z

Hierarchical Model

global response as sparse transfer matrix
e.g., vertex-to-vertex throughput factors on mesh

fine scale detail preserved by a modulation texture

!
Hierarchical Model SIGGRAPH200%
Course 10: Realistic Materials in Computer Graphics Michael Goesele
- - )
Hierarchical Model SIGGRAPH200S

local response
pixel-to-pixel throughput factors in texel space

small neighborhood only

Course 10: Realistic Materials in Computer Graphics Michael Goesele
=

1

SIGGRAPH200Z

Hierarchical Model

\L//M“’ XI / d V)

Course 10: Realistic Materials in Computer Graphics Michael Goesele

Course 10: Realistic Materials in Computer Graphics Michael Goesele
=
]
Overview SIGGRAPH2005

models for translucent objects
the BSSRDF
dipole approximation

hierarchical model for multiple
scattering

acquisition with DISCO

Course 10: Realistic Materials in Computer Graphics Michael Goesele
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Key Idea SIGGRAPH2005

directly record R for real objects

illuminate individual surface points of an object

——— ]
- .,
Ié u i

Course 10: Realistic Materials in Computer Graphics Michael Goesele

record impulse response function

-

)
Key Idea SIGGRAPHZ00S

directly record R, for real objects

illuminate individual surface points of an object

record impulse response function

-

]
Key Idea SIGGRAPH200=

directly record R for real objects
illuminate individual surface points of an object

record impulse response function

—| W HE
|
| o
Course 10: Realistic Materials in Computer Graphics Michael Goesele
-
]
Key Idea SIGGRAPH200%

directly record R, for real objects
results in huge transfer matrix

needs to be stored in hierarchical model

JEM
i

Course 10: Realistic Materials in Computer Graphics Michael Goesele

B |= E,

Course 10: Realistic Materials in Computer Graphics Michael Goesele
]

Acquisition Approach SIGGRAPHZ00=

illuminate individual surface points with laser projector

record impulse response of the object with HDR video
camera

Tumtable with Object

Course 10: Realistic Materials in Computer Graphics Michael Goesele

-

)
Acquisition Equipment SIGGRAPH2008

turntable
laser projector
HDR camera

black room

Course 10: Realistic Materials in Computer Graphics Michael Goesele




Laser Projector SIGGRAPH200E HDR Video Camera SIGGRAPH2002

Silicon Vision Lars lll
three lasers
(635nm, 532nm, 476nm)

other HDR video cameras also available

monochrome HDR

~10mW optical power .
dynamic range > 1:1,000,000

constancy . .
acquisition with 15 fps

resolution 4096x4096 steps

step size < 0.1 mm
on object possible

repeatable

Course 10: Realistic Materials in Computer Graphics

Throughput Factor Matrix SIGGRAPH200E Resampling SIGGRAPH2002

500,000-1,000,000 images acquired resample images into hierarchical model

all views where the same point is illuminated yield assemble global term at vertex positions

one column of the point-to-point matrix determine filter kernels in texture space
problems
problems: incomplete sampling
approx 100,000? entries - missing data needs to be interpolated
still a lot of holes measurement noise

impractical to render see [Goesele et al. 2004] for details

Course 10: Realistic Materials in Computer Graphics Michael Goesele Course 10: Realistic Materials in Computer Graphics Michael Goesele




SIGGRAPHZ00=

Post-Processing Steps

smoothing of F;in CIE YU*V* color space
hole filling by filtering and interpolation in log Y.

diffusion and image impainting could also be used

SIGGRAPHZ00=

Post-Processing Steps

transform to texture space and grab kernels
laser hit point not aligned to sampling grid

- assemble 7x7 filter kernel K7X7 (X, I’l) for each of
the four surrounding pixel

shift peak, separate fall-off and local material detail

Course 10: Realistic Materiais in Lomputer Lrapnics Michael Goesele
Results SIGGRAPH200=

Michael Goesele

Results:
Local lllumination Variation sieerapHzoo:

photograph rendering
Course 10: Realistic Materials in Computer Graphics Michael Goesele
Results:

Local lllumination Variation sicerapnzoos

..

Course 10: Realistic Materials in Compuier wrapiics Michael Goesele

Course 10: Realistic Materials in Computer Graphics Michael Goesele

Results:
Local llumination Variation sicerapkzoo:

Course 10: Realistic Materials in Computer Graphics Michael Goesele



Results SIGGRAPH200S

Course 10: Realistic Materials in Computer Graphics Michael Goesele

Overview

models for translucent objects
the BSSRDF
dipole approximation

hierarchical model for multiple
scattering

acquisition with DISCO

Course 10: Realistic Materials in Computer Graphics

SIGGRAPHZ00=

Michael Goesele
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SIGGRAPH2005
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SIGGRAPHZ00E

Course 10
Realistic Materials in Computer Graphics

Environment Matting

Yung-Yu Chuang
National Taiwan University

>

Blue screen matting <9

SIGGRAPHZ00E

Problem: blue foreground &

SIGGRAPHZ00E

input image alpha composite
Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuan
>
Two-screen matting <9

alpha composite

Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuan,

source image alpha composite
Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuan
>
Problem: refractive object s

C

SIGGRAPHZ00E

alpha composite

ourse 10: Realistic Materials in Computer Graphics Yung-Yu Chuan,




Problem: refractive object

SIGGRAPHZ00E

alpha composite

Course 10: Realistic Materials in Computer Graphics

photograph

Yung-Yu Chuan,

C=F+(1-a)B

[

[

el

SIGGRAPHZ00E

Environment matting framework

Course 10: Realistic Materials in Computer Graphics

Yung-Yu Chuan,

C=F+[wT

RN

N

aixilleal gy
\\\\‘\\\N\\\\\\‘x\ background
composite foreground
C=F+[wo
\ W
L]
L
C F
com@\ weighting Packground

foregrol

und

function

E
C \ l
P background
; ht
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7
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Arbitrary weighting function

/

uy

=F+(1-a)B+RM(T,A)

A

C F

con;;;;ﬁg‘\\ \\:;:;;?3

und

i

‘B

e

background

')

SIGGRAPHZ00E

Hierarchical environment matting

Zongker et. al.
SIGGRAPH 1999

Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuan,

Hierarchical backgrounds

Course 10: Realistic Materials in Computer Graphics

Yung-Yu Chuan,

Acquisition setup 5

SIGGRAPHZ00E

Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuan

Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuan,
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Computing R and F from alpha '

SIGGRAPHZ00E

C=F+(—-a)X+RX
=F+(1—a)X'+RX'
c-C
Rla)=———(1-
() T (1-a)
Fla)=C—-(1—a+R(a))X

-
Searching for o and A <9

SIGGRAPHZ00E
E Z H bbserved

2
computed (CZ b A)H

l hypothesize
daand A
I [ |

Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuang
Separate x and y extent 5‘_‘3
searches SIGGRAPH200=

11 1 5 e
I

(a,l,r)

Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuan,

Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuan
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Environment matte composite -/

SIGGRAPHZ00E

C=F+(1-a)B+RM(T,A)

foreground } alpha J background

(coverage)

Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuan

?.
Results and comparisons <J

SIGGRAPHZ00E

environment matte
composite

alpha matte
composite

Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuang



Results and comparisons <9

SIGGRAPHZ00E

Results and comparisons &

SIGGRAPHZ00E

environment matte

composite photograph

Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuang

environment matte alpha matte

Results and comparisons <y

SIGGRAPHZ00E

composite composite
Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuan,
>
Results and comparisons <

SIGGRAPHZ00E

environment matte

environment matte alpha matte

composite photograph
Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuan
.
Results and comparisons ' |

SIGGRAPHZ00E

environment matte

composite e

Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuang

composite composite
Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuan
>
Reflective objects s

SIGGRAPHZ00E

Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuang
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) Add sidedrops to capture >
Many rays not captured <9 <d
SIGGRAPH200E these rays SICGRARLEOR

Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuan, Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuan,
. . . > Contributions from multiple >
Capturing multiple sides - . O
SIGGRAPHZ00E Si d es SIGGRAPHZ00E
[]
Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuan Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuan
Depth correction <9 Capturing at a single depth s
SIGGRAPHZ00E SIGGRAPHZ00E

Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuan, Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuang



Capturing a second depth

SIGGRAPHZ00E

Course 10: Realistic Materials in Comeuler Graemcs Yung-Yu Chuang

Constructing the 3D beam

SIGGRAPHZ00E

Rendering at novel depths

SIGGRAPHZ00E

Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuang

Course 10: Realistic Materials in Computer GraEh\Cs Yung-Yu Chuang

Rendering at novel depths

SIGGRAPHZ00E

Problem: glossy surface

SIGGRAPHZ00E

environment matte

composite photograph

Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuan

Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuang

Problem: multiple mappings

SIGGRAPHZ00E

environment matte

. hotograph
composite P grap
Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuang



Problem: color dispersion

SIGGRAPHZ00E

environment matte
composite

photograph

Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuan,

Environment matting /

SIGGRAPHZ00E

higher fewer
accuracy images
O(log n)
Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuang

3

Towards real-time capture

SIGGRAPHZ00E

higher fewer
G c
accuracy I images

1

Problem: many photographs ™,

il Nl
mixl=] il
= ESNEINIE ]
i E=1EIE

"t_;-“"ﬁ]’u" o

LRI

Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuan,

i

L

Towards higher accuracy )

SIGGRAPHZ00E

higher fewer
accuracy images

O(n)
Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuang

Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuang

SIGGRAPHZ00E

Real-time environment matting

Chuang et. al.
SIGGRAPH 2000

Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuang




C=F+(1-a)B+RM(T,A)

SN

I/'|

C F 1-a

\ St background
: weightin
composite foreground fungtiong

C=F+(1-a)B+RM(T,A)
3 3 1 3 4

3 observations
11 variables

‘AR
4
-F

C=RM(T,A)

3 3 4

3 observations
7 variables

‘AR

C=pM(T,A)

3 1 4

3 observations
5 variables

‘AR — Ap

colorless

C=pT(ck, cy)
3 1 1 1

3 observations
3 variables

‘AR — Ap — ¢y,

colorless specularly
refractive

Estimate w, ,w,,

SIGGRAPHZ00E

Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuan,




e

Stimulus function & |

SIGGRAPHZ00E

M(T , A¥ T(Cx’ Cy
o o

Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuan,

Calibrated manifold in RGB cube '

SIGGRAPHZ00E

C ,.\ 4 /'(Cx 1Cy)

L T(x.y)
=

Ideal plane in RGB cube

-
‘9

SIGGRAPHZ00E

L]
L]
Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuan,
>
Estimate c, ,c and p &
SIGGRAPHZ00E

background
manifold

O

Course 10: Realistic Materials in Computer Graphics

wW

C’—(c.Cy)

_lkd

? Tka

Yung-Yu Chuan

L]
L]
Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuan
Y
Input image <9
SIGGRAPHZ00E
Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuang

Course 10: Realistic Materials in Computer Graphics

Yung-Yu Chuan,

10
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SIGGRAPHZ00E

' Feathering

)

SIGGRAPHZ00E

Morphological operation

Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuang Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuang
=
3
SIGGRAPHZ00E

Edge-preserving filtering

anisotropic filter

isotropic filter
Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuang

=
]

SIGGRAPHZ00E

Problem: noisy matte

Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuan
Edge-preserving filtering e Heuristics for specular highlights~
SIGGRAPHZ00E SIGGRAPHZ00E
QW
background
manifold
; T /DC
i C’
[ p>lte.
] R
i P
with filterin T
g K &
Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuan,

Yung-Yu Chuan,

without filtering

Course 10: Realistic Materials in Computer Graphics



—C=pl(c,, C)

=5

=N

Composite with highlights <Jd

SIGGRAPHZ00E

Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuan

Heuristics for specular highlights )
SIGGRAPH200E
input estimation foreground
(highlights)
Course 10: Realistic Materials in ComEu(er GraEhlcs Yung-Yu Chuang
Towards higher accuracy <9

SIGGRAPHZ00E

higher fewer
accuracy images

o(n)

,;’

SIGGRAPHZ00E

Gaussian environment matting

Chuang et. al.
SIGGRAPH 2000

Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuan

Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuang

Multimodal oriented Gaussian

[

/

/

12



Multimodal oriented Gaussian

* Better BRDF
approximation

» Multiple
mappings

» Wavelength-
coupled variation

Unimodal axis-aligned Gaussian

T

com@

P

background

Unimodal axis-aligned Gaussian

e

com@

\\
\
O\'u\\:L\ background

Unimodal axis-aligned Gaussian

e

com@

O'u2 + O—SZ\W\ background

Unimodal axis-aligned Gaussian

I

|

Unimodal axis-aligned Gaussian

13



Unimodal oriented Gaussian

Multimodal oriented Gaussian

Multimodal oriented Gaussian

< x

4 -
e

Multimodal oriented Gaussian

]

W

Glossy surface 1

SIGGRAPHZ00E

SIGGRAPH 99 photograph
Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuang

Glossy surface 1

SIGGRAPHZ00E

higher accuracy

; photograph
algorithm
Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuang
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Oriented Gaussian

SIGGRAPHZ00E

Oriented Gaussian

SIGGRAPHZ00E

without orientation

Course 10: Realistic Materials in Computer Graphics

photograph

Yung-Yu Chuan,

with orientation

Multiple mappings

b
SIGGRAPH 99

Course 10: Realistic Materials in Computer Graphics

SIGGRAPHZ00E

photograph

Yung-Yu Chuan

Course 10: Realistic Materials in Computer Graphics

photograph

Yung-Yu Chuan,

Multiple mappings

Color dispersion

SIGGRAPHZ00E

higher accuracy photograph
algorithm
Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuang

SIGGRAPHZ00E

Color dispersion

SIGGRAPHZ00E

SIGGRAPH 99

Course 10: Realistic Materials in Computer Graphics

photograph

Yung-Yu Chuan,

higher accuracy
algorithm

Course 10: Realistic Materials in Computer Graphics

photograph

Yung-Yu Chuan,

15
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7 Frequency-based 7
SIGGRAPH200E environment matting SIGGRAPHZ00E

X

B(x,, 1) X,

Frequency-based B 0
environment matting

spectrum of C

Zhu et. al.
Pacific Graphics 2004
=
A
Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuang Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuang
Results: refraction Cd Results: color dispersion )
SIGGRAPHZ00E SIGGRAPHZ00E
frequency-based photograph frequency-based photograph
environment matting environment matting
Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuang Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuang
Results: oriented o Results: oriented 2
SIGGRAPHZ00E SIGGRAPHZ00E

frequency-based photograph frequency-based photograph
environment matting environment matting

Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuang Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuan,




&

a;.'. -’

SIGGRAPHZ00E

Wavelet environment matting

Peers et. al.
EGSR 2003

e

Wavelet environment P
matting

SIGGRAPHZ00E

8, 8, B, e B & B, B o oves
E"”- l..u“!n
@, ; iy AT ay s ey ana
—— =
LR v,
i t |
¢ G G = e 068 0 Gz Gup -~ =vs

Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuang
Y
Error tree <9
SIGGRAPHZ00E

Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuan,

Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuan

>

Results: number of basis images®

SIGGRAPHZ00E

reference image 1200 basis

-
Results: number of basis images®
SIGGRAPH200E

1200 basis
images

reference image

Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuan,

Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuang
>
Results: wavelet patterns s
SIGGRAPHZ00E

reference 1023;22 ' Dau bet?l?gs 9,7)
Course lmead \ceMateriaIs in Computer EraEhics NnatfRey &uar:g

17
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Results: wavelet patterns

SIGGRAPHZ00E

=
]

Results: wavelet patterns

SIGGRAPHZ00E

reference 1023; ﬁir Dau be%:?ﬁgs (9,7)
Course Jmeafﬂ gMa&enals in Computer Eraemcs NnatfRP Euan’g

0

Results: diffuse materials

reference logtotel_rﬁes‘r Daube{:?\?gs 9,7)
Course lmeaeﬂ \ceMaterlaIs in Computer (FS)ra hics uan’
SIGGRAPHZ00E
Image-based

environment matting

Wexler et. al.

SIGGRAPHZ00E
Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuang
Image-based environment 7
mattin g SIGGRAPH200E

Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuan,

EWSR 2002
Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuang
Image-based environment >
matti ng SIGGRAPH200E
| Ly f
N o
Lid j._. It ||J‘|'u i ViR
_ - 1 i e
Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuan,

18
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Image-based environment 2 Results ’d

m attl n g SIGGRAPHZ00E SIGGRAPHZ00E

oy v v &

Yung-Yu Chuan,

Yung-Yu Chuan,

Course 10: Realistic Materials in Computer Graphics

Course 10: Realistic Materials in Computer Graphics

> -
Results <9 9
SIGGRAPHZ00E

SIGGRAPHZ00E

Refractive Optical Flow

Agarwal et. al.
ECCV 2004

Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuan Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuang

> >
Refractive optical flow <9 Results <9
SIGGRAPH200E

SIGGRAPHZ00E

a |
&<

- 1 without water
e(T(x), ) I~ (T (x)) [VI(x.t) = HxV3(x)] + Li(x.t) =0 --

refractive optical flow equation \

with water

Yung-Yu Chuan,

ourse 10: Realistic Materials in Computer Graphics

Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuang C




SIGGRAPHZ00E

Acquisition and Rendering of
Transparent and Refractive Objects

Matusik et. al.
EWSR 2002

Course 10: Realistic Materials in Comeu(er Graeh\cs Yung-Yu Chuang
Geometry - opacity hull
SIGGRAPHZ00E

Visual hull augmented with view-dependent opacity

Store the opacity of each observation at each point
on the visual hull.

The system

SIGGRAPHZ00E

Light Array

- -5 Cameras
i
Multi-Color —
Monitors  Rotating Platform
Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuan,

SIGGRAPHZ00E

Course 10: Realistic Materials in Comeu(er Graeh\cs Yung—Yu Chuang
Interpolation
SIGGRAPH200E

Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuan

Course 10: Realistic Materials in Computer Graphics Yung-Yu Chuang
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SIGGRAPH2005

Overview

* Reflection from fibers
reflection geometry
radiometry

* Scattering from human hair
the nature of hair
hair scattering phenomena
a model for scattering from hair

Scattering geometry

SIGGRAPH200=

Course 10
Realistic Materials in Computer Graphics

Scattering from fibers

Steve Marschner
Cornell University

Fiber reflection

* Fibers are nearly 1D
* Choice: model as 1D or 3D

* 1D model leads to different
radiometry from surfaces

Kajiya-Kay model

Is hair really like this?




Fiber radiometry Real Hair

* Fibers are different from surfaces

[Robbins 1994]

Assumptions Hair Structure

° Single hair Cross
section

* Hair is not resolved
* Fiber scattering function

(after [Robbins 1994])

Fiber reflection Fiber reflection

primary primary

secondar: :
secondary 4 tilted

surfacel surface
~ norma ~ normal
// P

~<—— root tip —

transmitted transmitted




Fiber reflection

‘)l'.\\'\'\ary

Hair appearance

w
®
[s}
=]
2
o
)
=
<

primary

nonuniform scattered distribution

Hair appearance

Hair appearance

primary
primary

secondary

Hair appearance
secondary

primary

Hair appearance

secondary

glints

(secondary)

primary



Measurement Incidence plane

* 4-axis scattering measurements

—
’4 ~
b

light ( ~

source

/ \ : camera
hair—/ :

Incidence plane Black hair

W\

) primary

primary

Blond hair Synthetic hair

/ primary
/ secondar /"

&/ 7

primary N :
secondary \ \\ <




Normal plane Blond hair

glint

(secondary)

-
transmission

Optical model

 Based on structure of hair
* Explains:

— double highlight

— off-axis glints

— effect of eccentricity

c -C
o 3
= 2,
] 3
° -1
-

3

» Core is cross-section scattering

Cross-section scattering Cross-section scattering

. Fresnel
ray density /

> Fresnel

/
Fresnel




Cross-section scattering Rendering

» Approximate scattering model
based on circular fiber + 1°t order
eccentricity correction

* Ray trace fiber assemblies

absorption

» Compare to photograph

\ * Evaluate against Kajiya-Kay
absorption

Photograph Photo vs. Kajiya-Kay

primary

[Gray 1997]

Photo vs. new model Components of model




Hair texture
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SIGGRAPHZ00=

Course 10
Realistic Materials in Computer Graphics

Bidirectional Texture Functions

SIGGRAPH2005 Gero Mller

University of Bonn

- -
. 9 Current modeling <Jd
Motivation SIGGRAPH200S

SIGGRAPHZ00Z

approaches in CG

1. Classic hierarchical approach: Modeling on
different scales

* Visualization of complex materials in real-time
for interactive applications

Course 10: Realistic Materials in Computer Graphics Gero Miiller Course 10: Realistic Materials in Computer Graphics Gero Milller
- & - &
Current modeling <9 Current modeling <9
- SIGGRAPH200Z - SIGGRAPH200=
approaches in CG approaches in CG

1. Classic hierarchical approach: Modeling on
different scales

2. Image-based rendering

I Extremely optimized hardware available
I Artistic freedom to model almost everything
@ Interaction and alteration of model possible

& BUT: Extremely difficult to model reality accurately

Course 10: Realistic Materials in Computer Graphics Gero Miller Course 10: Realistic Materials in Computer Graphics Gero Miller
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Current modeling 'S |
approaches in CG SIGGRAPHZ00E

2. Image-based rendering

- Comparably small effort
to create images as realistic as photographs

- Very restricted interaction and alteration
- Data explosion

Course 10: Realistic Materials in Computer Graphics Gero Miiller
.
Current modeling 9

SIGGRAPHZ00Z

approaches in CG

3. Rendering materials using measured
material data

- Create photorealistic images
- Complex interaction possible (Relighting, Deformation

etc.)
Course 10: Realistic Materials in Computer Graphics Gero Miiller
-
. <9
General Overview SIGGRAPH200S
° Acquisition
°
°
Course 10: Realistic Materials in Computer Graphics Gero Miller

-
Current modeling <9
approaches in CG SIGERAPHZO0S

3. Rendering materials using measured
material data

Course 10: Realistic Materials in Computer Graphics Gero Miller

-
The Bidirectional Texture Jd
Function SIGGRAPHZ00=

* Measured 6D-slice of Reflectance Field of a
texture parameterized over planar surface S

BTF(x,V, 1) = [ RF, (%, X, v, 1)dx,
S

¢ Integrates:
— Occlusions (shadowing, masking)

— Interreflections and subsurface scattering

Course 10: Realistic Materials in Computer Graphics Gero Milller
-
- <9
BTF Acquisition SIGGRAPH2005

* Sampling a 6D-function
—Take pictures... (spatial dimension)

—under various view and light directions (angular

dimensions) g ...

Course 10: Realistic Materials in Computer Graphics Gero Miller




Measurement setups

Gonioreflectometer-like

Advantages
fully automatic, flexible
dense sampling
Problems
measurement time: ~14h = ': -ll

moving parts: - Ft J
camera, light, sample carrier

-

1

SIGGRAPHZ00=

Sall[\el et al. 2002

McAllister 2002

1 -

-

1

SIGGRAPHZ00=

Measurement setups

Using video cameras (Koudelka et al. 2003)

Advantages o
easy acquisition '
dense sampling

Problems
low resolution
measurement time: 10h

Variation of light direction across the sample

Course 10: Realistic Materials in Computer Graphics Gero Miller

Massively parallel

\

Fast

Course 10: Realistic Materials in Computer Graphics Gero Miller
-
1
Measurement setups SIGGRAPH200=
Using Mirrors (Han et al. 2003) =
Advantages ] 3 \

-

i

No moving parts
Problems

small resolution

non-perfect mirrors

Course 10: Realistic Materials in Computer Graphics Gero

Miiller

-

1

Measurement setups SIGGRAPH200%
Using a camera array (Bonn 2005)
Advantages

no moving parts

acquisition time

(<1 hour)

dense sampling
Problems

fixed angular sampling

Gritty Details

In principle need of spectral measurements

(see EG2002 STAR on spectral rendering for an overview)
93% wool / 7% polyester:

direct daylight - outdoor
Light source

diffused neonlight & daylight - indoor

daylight-like spectrum

in combination with color management system

Course 10: Realistic Materials in Computer Graphics Gero

-

1

SIGGRAPH200Z

Miller

Course 10: Realistic Materials in Computer Graphics Gero Miiller

-

1

SIGGRAPH200=

Post-processing

Motivation:
Extraction of consistent ROI
Texel-to-texel correspondence
Compensation for point-light source
Requirements:
Fully automatic
Robust

Low positioning error (minimize jittering, smoothing)

Course 10: Realistic Materials in Computer Graphics Gero Miller
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' |
General Overview SIGGRAPHZ00S

C o O

Some GB:

Compression

Some MBs

' |
BTF Database Bonn SIGGRAPH200%
”im..:
www.cg.cs.uni-bonn.de/btf
Course 10: Realistic Materials in Computer Graphics Gero Miller
-
_ 'S |
Compression SIGGRAPH200E

Preferable properties:
asymmetric compression
Fast (real-time), random access decompression
preservation of visual important features
maximum of a few MBs

depends on the current graphics card memory
and material complexity of scene

Course 10: Realistic Materials in Computer Graphics Gero Miller
-
' |
Fitting Analytical Functions SIGGRAPH200S

parameters F(x) Feature or Noise?

|p| small, evaluation of F(x,p) cheap

High compression and fast rendering

Course 10: Realistic Materials in Computer Graphics Gero Miiller
-
' |
Fitting Analytical Functions SIGGRAPH2005

Fixing spatial position

B, (v,1) =BTF(x,v,I)

4D-function depending on incoming light direction
| and outgoing view direction v

Course 10: Realistic Materials in Computer Graphics Gero Miller

Course 10: Realistic Materials in Computer Graphics Gero Miiller
-
'
Fitting Analytical Functions SIGGRAPH2005

Are these functions typical BRDFs?

\'
~ Retro-reflection

Specular reflection

:;] 2

S R o) [
o R
5 ”’\‘é, > l

y @

Course 10: Realistic Materials in Computer Graphics Gero Miller
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Fitting Analytical Functions SIGGRAPH200S

ABRDF = Apparent !
BRDF [Wong et al. 97] \1 e ]

* " . -
: . o /e |
Contains also influence from ¢ |
neighborhood: 3 T, :
g : 3 ¥ - e
Self-Shadowing »
Self-Occlusion

Sub-Surface Scattering

Resampling artefacts

Course 10: Realistic Materials in Computer Graphics Gero Miller

-
1
Fitting Analytical Functions SIGGRAPHZ0DS
Are these functions typical BRDFs?
> B a 7“")
0 Tt
e D .
. S e o
y ¥ !
Course 10: Realistic Materials in Computer Graphics Gero Miiller
-
1
Fitting BRDF-Models SIGGRAPH200=

Generalized Cosine-Lobe Model [Lafortune et al. 97] :

nx‘v

= BTF( W) = £,(v,Lp) =y, + Y oo (VD)

i=1

Non-linear least-squares fitting (Levenberg-Marquardt)
k typically around 2

Improvement [Daubert et al. 2001]:
view-dependent scale factor per texel to account
for shadowing effects

Course 10: Realistic Materials in Computer Graphics Gero Miiller

-

1
SIGGRAPH200%

Fitting BRDF-Models

Results (cosine lobe model)

T ]
3
- 2 - x

-

1
SIGGRAPH200%

Summary: BRDF-Models
Advantages

High compression

Simple evaluation

Problems

Limited quality (loss of depth
impression)

Non-linear fitting
expensive

depends on initialization McAllister 2002

Course 10: Realistic Materials in Computer Graphics Gero Miller

Course 10: Realistic Materials in Computer Graphics Gero Miiller

-

1
SIGGRAPH200%

Fitting (Hemi-) Spherical
Functions

Approximate hemispherical slices (fixing e.g. view
direction) of per-texel ABRDF separately and blend

=BTF(x,v,)= 3 wwHSFﬁ-

veN (v)

Meseth et al. used polynomials and cosine lobes
Sloan et al. used spherical harmonics
(consider also [Masselus et al. EGSR04])

Course 10: Realistic Materials in Computer Graphics Gero Miller
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Fitting Hemispherical <9
F u n Ctl o n S SIGGRAPH200S

Fitting results

Course 10: Realistic Materials in Computer Graphics Gero Miiller
=
. . <Jd
Statistical Data Analysis SIGGRAPH200E
Motivation

Assuming general basis functions (polynomials,
lobes, etc...) suboptimal for a given measured BTF-
dataset

Idea

Find customized basis functions adapted for the
actual data set

Learn small set of “features” describing the data set

-
Summary: Fitting <9
Hemispherical Functions SlaenApHznos

Advantages
Better preservation of ABRDF features
Problems

Chosen function basis may
introduce artifacts

Memory consuming
(Apply clustering
= quantization artifacts)

View-interpolation

Meseth et al. 2003

best
Course 10: Realistic Materials in Computer Graphics Gero Miiller
=Y
- s
Full BTF-Factorization SIGGRAPH200S

Straight forward approach [Koudelka et al. 2003]

n

- mmam

stack images as column vectors into large matrix

u-|
M =UsV"

Course 10: Realistic Materials in Computer Graphics Gero Miller

required
Course 10: Realistic Materials in Computer Graphics Gero Miller
-
L . '
Statistical Data Analysis SIGGRAPH200E
In practice:

Organize measured data in matrix M
Apply a Singular Value Decomposition (SVD) to M

Keep only the first c components with highest singular values
c<<N

N
T T "/ T
M = USV :Zajujvj ~M= Z ou,Vv;
J J

Reconstruction on GPU
possible

Course 10: Realistic Materials in Computer Graphics Gero Milller
=
- o

Full BTF-Factorization SIGGRAPH200S

Write the BTF as sum of products of two
functions

= BTF(x,v,l) = iai £, ()b (v, 1) = io-j £, ()b; (v, 1)

\

Note:  cecmiemes] [EsesRes]

smooth reconstruction requires
interpolation

Course 10: Realistic Materials in Computer Graphics Gero Miller
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Full BTF-Factorization SIGGRAPHZ0DS Full BTF-Factorization SIGGRAPHZ00S

Number of terms . Analysis result

\
RMS-Error \ @': |

PLASTERSTONE

9 13 17 2 2 2 B I 4 a5 49
SWEATER

Course 10: Realistic Materials in Computer Graphics Gero Miiller Course 10: Realistic Materials in Computer Graphics Gero Miller
‘3 1--_a
Summary: Full BTF- i N <
Factorizgtion SIGGRAPHZ00S Full BTF-Factorization SIGGRAPH200S
Advantages Multi-Linear SVD [Vasilescu et al. 2004]

Organize data in order-3 tensor

Vana

simple and straight-forward
good compression
Problems

complex materials require many
terms

Hikumirations

Liu et al. TVCG2004

not suitable for real-time

reconstruction A el [TIx|1=M] Vasilescu et al. 2004
Implementation: SVD of large BTFs
Course 10: Realistic Materials in Computer GvaEh\cs Gero Miiller Course 10: Realistic Materials in Computer GraEhics Gero Milller
- -
. . < ) . . & 1
Full BTF-Factorization SIGGRAPHZ00= Full BTF-Factorization SIGGRAPH200=
Apply SVD to different tensor modes LStrategic* dimensionality reduction (possibility to
A = Z x Uy %, Uy %, Uy choose ¢, and c, for different tensor dimensions)
- T xU xU. 2 Better perceptual quality than standard SVD
- 2 illum 73 ~view *

S despite of worse RMS-error

) D {4 PTA o1 Termor Tevfare

1 7
| e
IT <[]
T €O [Tix1bV]
Course 10: Realistic Materials in Computer Graphics Gero Miller Course 10: Realistic Materials in Computer Graphics Gero Miller

Vasilescu et al. 2004

Vasilescu et al. 2004
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Per-Texel ABRDF Factorization siaarapHzoo=

Chained-Matrix Factorization [Suykens et al. 2003]

Generalization of common BRDF-Factorization techniques
[Kautz&McCool 1999],[McCool et al. 2001]

Idea:
Apply chain of factorizations (SVD) to reparameterized data

Each parameterization accounts for certain ABRDF-features

BTF (x,v,1) ~ ﬁ; P (7 (W 1)y (73 (V1)

Course 10: Realistic Materials in Computer Graphics Gero Miiller
-
Summary: Per-Texel ABRDF <4
Factorization SlaaRAprzeos
Advantanges

Suitable for real-time rendering:
Combination of few factors on GPU

Problems

Resampling artifacts

Memory consumption
(authors propose clustering of
factors = quantization artifacts)

Suykens et al. 2003

Course 10: Realistic Materials in Computer Graphics Gero Miiller

-
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SIGGRAPH200S

Per-View Factorization

Reconstruction Results

Course 10: Realistic Materials in Computer Graphics Gero Miller

e
' |
Per-Texel ABRDF Factorization siaaraphzoo=

Reconstruction Results

\\
e ~
et 4
Course 10: Realistic Materials in Computer Graphics Gero Miller
e
'
Per-View Factorization SIGGRAPH200S

Apply SVD to BTF-slices with fixed view direction
(Reflectance Fields)

Idea

Increase quality of low-term factored approximations by
factorizing subsets of the data

SBTF(x V)~ 3 wdr, (), ()

veN(v) j

Course 10: Realistic Materials in Computer Graphics

Gero Miiller
N
Summary: Per-View <9
Factorization SlaGRAPHz00%
Advantages

Low-term factorization enables high-quality interactive
rendering on graphics hardware

Problems
Memory consumption

Coherence between
different views not exploited

Sattler et al. 2003

Course 10: Realistic Materials in Computer Graphics Gero Miller
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Per-Cluster Factorization SIGGRAPHZ00%

Factorize variable number of arbitrarily shaped BTF-
slices (clusters)

Clustering BTF-texels (ABRDFs) leads to

— BTE(x,v,I) ~ iti (b (V1)

Clustering with generalized Lloyd-algorithm and re-
construction error as distance metric (Local PCA)

-
’Jd
Per-Cluster Factorization SIGGRAPH200%

Factorization per cluster reduces clustering artifacts

Course 10: Realistic Materials in Computer Graphics Gero Miiller
.
o Jd

Per-Cluster Factorization SIGGRAPH200S

Reconstruction Results

Course 10: Realistic Materials in ComEu(er GraEhlcs Gero Miiller
P
Summary: Per-Cluster <Jd
Factorization SlaGRAPHzOCE
Advantages

Low-term factored representation suitable for GPU
implementation

Good compression

Reconstruction per cluster
reduces quantization artifacts

Problems

Expensive fitting

Mueller et al. 2003

Course 10: Realistic Materials in Computer Graphics Gero Miiller
P
. <9
Storage Requirements SIGGRAPHZ00E
Model Storage (IL|,[V|,[T]) | M=ILI=6. [Ti=2s62
8-Bit per channel
Raw BTF LIV 12GB
Analytical BRDF-Model | f(K)*|T| (k=2) 2.4 MB
Hemispherical Function | f(k)*[V[*|T| (k=2) 95 MB
BTF Factorization c*(IVI*|L| + [T) (c=40) 8.6 MB
ABRDF Factorization d*((V|+|L)*[T)| (d=2) 63 MB
Per-View Factorization | |V[*c*(|L|+|T|) (c=4) 64 MB
Per-Cluster c*(k*(IVI*IL]) + |T]) | (k=32, c=8)
Factorization 6.6 MB
Course 10: Realistic Materials in ComEuler GraEmcs Gero Miiller

Course 10: Realistic Materials in Computer Graphics Gero Milller
=
. <9
General Overview SIGGRAPH200S

Rendering

Course 10: Realistic Materials in Computer Graphics Gero Miller




Rendering SIGGRAPH2005

Determine color / visible radiance for every
point
+Exitant Radiance = Emitted Rad. + Reflected Rad.*

L (%, V) =L (X, V) + Ly (X, V)

4Reflected Rad. = Incoming Rad. combined with
reflection properties*

L (x,v):g_!‘px(v,l)-Li (%, 1)-(n|1ydl

Software Rendering SIGGRAPH200=

Raytracing
Implement decompression-stage on CPU

Integrate into favorite raytracing engine

Created with OpenRT from InTrace
(Saarbriicken)

Model courtesy of DaimlerChrysler

Course 10: Realistic Materials in Computer Graphics Gero Miller
Software Renderi ng SIGGRAPH200=

Global lllumination

Course 10: Realistic Materials in Computer GraEh\Cs Gero Milller

Course 10: Realistic Materials in Computer Graphics Gero Miller

General Implementation
Issues

SIGGRAPHZ00Z

Measured BTFs

Evaluation for directions
not in the measured set

Interpolation in angular domain

Interpolation rather expensive

graphics hardware

Interpolation from regular samples

Hardware Supported
Interpolation

SIGGRAPH200Z

Reparameterization
Approximately uniform sampling of hemisphere
Suitable for hardware filtering

Parabolic Maps

Heidrich + Seidel 1998
Course 10: Realistic Materials in Computer Graphics Gero Miller

Course 10: Realistic Materials in Computer GVaEhiCS Gero Milller

Hardware Supported
Interpolation

SIGGRAPH200=

2D Data
Bilinear filtering on graphics hardware

4D Eigen-ABRDFs
Quadrilinear filtering
Hardware: trilinear filtering
Trilinear filtering of s,.t,,s,
3D textures S;for fixed t,
Manual interpolation of t,

Course 10: Realistic Materials in Computer Graphics Gero Miller
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Anti-Aliasing SIGGRAPH2005

Mip-Mapping compressed BTFs

In general BTF depends non-linear on
compression parameters

Standard Mip-Mapping not possible

Mip-Mapping on uncompressed data
Compression of each individual Mip-Map level

Point- and Directional Light 1

Sources

SIGGRAPHZ00=

Finite number of light directions
Lyt (X,V) = J'px(v,l)- L (x.1)-(n[1)dl
Qr,‘l
L (x,v):lzz;px(v,li)-l;(x,li)-<n\li>

l BTF with foreshortening term included

L (X,V)= Zn: BTF(x,v,1,) L, (x1)

i=1

Course 10: Realistic Materials in Computer Graphics Gero Miller
-
]
BRDF Models per Texel SIGGRAPH200E

Store parameters in textures
Evaluation of model in pixel shader
Optional: cluster look-up
Hemispherical function:

Implement view-interpolation

Course 10: Realistic Materials in Computer Graphics Gero Miller
-
]
Factorization Methods SIGGRAPH200S

ABRDF-Factorization

Store scaled 2D-factors in
parabolic maps

| ]

Course 10: Realistic Materials in Comeuler GraEmcs Gero Miiller
.
Y
Factorization Methods SIGGRAPHZ00S

Per-View Factorization
Combine weighted Eigen-Textures on GPU

Light-interpolation by computing interpolated weights on the CPU
per vertex

View-interpolation using multi-pass rendering (alpha-blending)

Hardware supported Mip-Mapping
g

Course 10: Realistic Materials in Computer Graphics Gero Miller

Optional: cluster look-up U
Combine in pixel shader o
x
7 (]
==
Suykens et al. 2003
Course 10: Realistic Materials in ComEuler GraEhiCs Gero Miiller
™
1
Factorization Methods SIGGRAPH200=
Full-BTF Factorization/Per-Cluster Factorization
Store 4D ABRDFs in 3D texture
Use 4D interpolation and combine in pixel shader
Cluster look-up
oare e DR () Y Rectangutar
ey oy I et ==
e R A by —— : l!
Foson NN = SS9, T+, g W——
B - e e U R
Chmm e recon. ABRDF mean
oo ® weignted sum
System Reparameterized Light
L~ Diecton 51t A
o Dreson e — O
Pestion
Course 10: Realistic Materials in Computer Graphics Gero Miiller
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Results SIGGRAPH200S

Course 10: Realistic Materials in Computer Graphics Gero Miller

-

1

SIGGRAPHZ00=

Image-Based Lighting
Environment Map
Standard,
high-dimensional

representation as
pixels

-

1

SIGGRAPHZ00Z

Image-Based Lighting

Infinitely distant Lighting Environment

No spatial dependence

L (6)= [ p, ()L, (1) {n

Ql

Course 10: Realistic Materials in Computer Graphics Gero Miller

Course 10: Realistic Materials in Computer Graphics Gero Miller

»

;’

SIGGRAPH200Z

Per-View Factorization

Integrate incoming radiance over hemisphere
including visibility information on the CPU per
vertex

Combine and interpolate weighted Eigen-Textures
on GPU

reconstructed mean
texture

Course 10: Realistic Materials in Computer Graphics Gero Miller

-
1
Per-View Factorization SIGGRAPHZ00:
Precomputed visibility map per vertex:
“Surrounding”
i’h J/ Occluded by geometry
Unfolded visibility
map example for 5
certain vertex SN2 N
Real-Time Computation: &
[Sattler et al. VMV2004] en & Puech (1994)
Course 10: Realistic Materials in Computer Graphics Gero Milller
-
3
Per-View Factorization SIGGRAPH200S
Course 10: Realistic Materials in Computer Graphics Gero Miller
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Image-Based Lighting with <9
Spherical Harmonics SIGGRAPH2005

Image-Based Lighting with <9
Spherical Harmonics SlaenApHznos

Extensions: precompute shadows and inter-
reflections (Precomputed Radiance Transfer)

Course 10: Realistic Materials in Computer Graphics Gero Miiller
-
Image-Based Lighting of 9
SIGGRAPHZ00Z
BTFs

Radiance Transfer Texture (RTT)
[Sloan et al. 2003]

Extend per-vertex Precomputed Radiance Transfer
to handle BTFs

Encode every texel in SH-Basis
Lighting dot-products in pixel shader

Course 10: Realistic Materials in Computer Graphics Gero Miller
-
Image-Based Lighting of Jd
SIGGRAPHZ00Z
BTFs

Clustered Precomputed RTT
[Mdller et al. 2004]

Compress both SH-encoded BTF and precomputed transfer
using clustered factorization

Storage size independent of BTF size and geometry size

High quality setting:

Course 10: Realistic Materials in Computer Graphics Gero Miiller
P
Image-Based Lighting of <9
SIGGRAPH200Z

BTFs

HDR environments wood, beach, kitchen, building and uffizi from www.debevec.org

Course 10: Realistic Materials in Computer Graphics Gero Miller

16.9 MB
Good quality:
4.2 MB
Course 10: Realistic Materials in Computer Graphics Gero Milller
P
<9
Conclusions SIGGRAPH200S

BTFs capture 6D-slice of the reflectance field
of a complex material

Represents the “look-and feel” of a material
Several high-quality acquisition setups

Effective and appearance preserving
compression algorithms available

Real-time rendering possible with point light
sources and image-based lighting

Course 10: Realistic Materials in Computer Graphics Gero Miller
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SIGGRAPH2005

SIGGRAPHZ200E

Course 10
Realistic Materials in Computer Graphics

Reflectance Fields

Tim Hawkins
USC Institute for Creative Technologies

The Reflectance Field

BSSRDF

i SIGG =
(Nicodemus et al, 1977) IGGRAPH200

Course 10: Realistic Materials in Computer Graphics Tim Hawkins

SIGGRAPHZ00=
(Debevec et al, 2000)
: VA7)
Describes how _I\ e "J/ k
an object A L
transforms an /{ oo Y
incident light 7 N\ s
X i ~x S ._/
field to a radiant 7/ AN
light field K T
AVIIVAN
Ri(u; . 4.05.95 5 U v, 0, 0, )
Course 10: Realistic Materials in Computer Graphics Tim Hawkins
GRDF
SIGGRAPHZ00=

(Lafortune et al, 1996)

mpm

A\ 7/
/ o
\/ Lipudy> ©))

Course 10: Realistic Materials in Computer Graphics Tim Hawkins

Reflectance Field SIGGRAPH200=

Simple geometry, just a sphere
Complex reflectance, 8 dimensional

Rendering becomes “convolution” of incident
light field with reflectance field, yielding
outgoing light field—ray tracing and visibility
calculations are not needed

Course 10: Realistic Materials in Computer Graphics Tim Hawkins




4D Slices of
Reflectance

B
4 -_‘ Y
e =N
N <
A e et

) Ri(U; v 05,8 U, v, .0, .0, )

Course 10: Realistic Materials in Computer Graphics

SIGGRAPH200=

.

v

Tim Hawkins

SIGGRAPHZ200E

Light Stage 1
(Debevec et al, 2000)

Tim Hawkins

Original
Resolution:
64x32

Lighting through image recombination: Haeberli '92, Nimeroff '94, Wong ‘97

Relighting Results

Course 10: Realistic Materials in Computer Graphics

SIGGRAPH200=

Tim Hawkins

Reflectance Functions

Course 10: Realistic Materials in Computer Graphics

SIGGRAPH200=

Tim Hawkins




Light Stage 2 "

(Hawkins et al, 2004) SIGGRAPHZ00Z

Course 10: Realistic Materials in Computer Graphics Tim Hawkins

Light Stage 2

SIGGRAPHZ200E

Six Viewpoints

SIGGRAPH200=

Course 10: Realistic Materials in Computer Graphics Tim Hawkins

Course 10: Realistic Materials in Computer Graphics Tim Hawkins
Captured Expressions SIGGRAPHZ00

) O ) ) ) ) )

¥ = e i a8 L - =
€y i e s Ty

-~ T < T

) ) ) ) ) ) ) )
P : o - -
:__f' ©y :’. x = ] L2

W) W) W) O W) W)

Course 10: Realistic Materials in Computer Graphics

®
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¥

Tim Hawkins

Animatable Model

SIGGRAPH200=

Registering all expressions and views gives
a morphable model across expression,
viewpoint, and lighting

Rough geometric model for view
interpolation

Raw data size is 60 expressions X 6 views x
480 lights x 1 MB per image = 160 GB

Course 10: Realistic Materials in Computer Graphics Tim Hawkins

Results

Course 10: Realistic Materials in Computer Graphics

SIGGRAPH200=

Tim Hawkins




Opacity Hull )

(Matusik et al, 2002)

SIGGRAPH200=

Rotating arc of lights
Static arc of cameras
Rotating platform
Two plasma monitors

Captures 6D
reflectance field +
rough geometry +

Opacity Hull

.

b |

SIGGRAPHZ200E

opacity ey | g
Course 10: Realistic Materials in Computer Graphics Tim Hawkins
’_‘-a,.
Relighting with Incident <y
SIGGRAPH200=

Light Fields (Masselus et al, 2003)

Captures a basis for
illumination by any
incident light field

Course 10: Realistic Materials in Computer Graphics Tim Hawkins

Course 10: Realistic Materials in Computer Graphics Tim Hawkins
’_‘-a,.
Relighting with Incident )
SIGGRAPH200=

Light Fields

;
[

Relit with synthetic incident light fields

Kaleidoscopic Reflectometry =« J
(Han and Perlin, 2003) SIGGRAPH200%

i \..,,.,.,.

Course 10: Realistic Materials in Computer Graphics Tim Hawkins

(Han and Perlin, 2003)

Course 10: Realistic Materials in Computer Graphics

Course 10: Realistic Materials in Computer Graphics Tim Hawkins
Kaleidoscopic Reflectometry )
SIGGRAPH200=

Tim Hawkins




Conclusion SIGGRAPHZ00=

Reflectance fields provide a unifying
framework for many reflectance capture

techniques
Full 8 dimensional capture remains daunting

Course 10: Realistic Materials in Computer Graphics Tim Hawkins






