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Abstract

Accurate representations of objects and light sources in a scene model are a cru-
cial prerequisite for realistic image synthesis using computer graphics techniques.
This thesis presents techniques for the efficient acquisition of real world objects
and real world light sources, as well as an assessment of the quality of the acquired
models.

Making use of color management techniques, we setup an appearance repro-
duction pipeline that ensures best-possible reproduction of local light reflection
with the available input and output devices. We introduce a hierarchical model for
the subsurface light transport in translucent objects, derive an acquisition method-
ology, and acquire models of several translucent objects that can be rendered in-
teractively. Since geometry models of real world objects are often acquired using
3D range scanners, we also present a method based on the concept of modulation
transfer functions to evaluate their accuracy.

In order to illuminate a scene with realistic light sources, we propose a method
to acquire a model of the near-field emission pattern of a light source with optical
prefiltering. We apply this method to several light sources with different emission
characteristics and demonstrate the integration of the acquired models into both,
global illumination as well as hardware-accelerated rendering systems.

Kurzfassung

Exakte Reprisentationen der Objekte und Lichtquellen in einem Modell einer
Szene sind eine unerlédssliche Voraussetzung fiir die realistische Bilderzeugung
mit Techniken der Computergraphik. Diese Dissertation beschiftigt sich mit der
effizienten Digitalisierung von realen Objekten und realen Lichtquellen. Dabei
werden sowohl neue Digitalisierungstechniken als auch Methoden zur Bestim-
mung der Qualitét der erzeugten Modelle vorgestellt.

Wir schlagen eine Verarbeitungskette zur Digitalisierung und Wiedergabe
der Farbe und Spekularitidt von Objekten vor, die durch Ausnutzung von Farb-
management-Techniken eine bestmogliche Wiedergabe des Objekts unter Ver-
wendung der gegebenen Ein- und Ausgabegerite ermoglicht. Wir fithren wei-
terhin ein hierarchisches Modell fiir den Lichttransport im Inneren von Objekten
aus durchscheinenden Materialien sowie eine zugehorige Akquisitionsmethode
ein und digitalisieren mehrere reale Objekte. Die dabei erzeugten Modelle konnen
in Echtzeit angezeigt werden. Die Geometrie realer Objekte spielt eine entschei-
dende Rolle in vielen Anwendungen und wird oftmals unter Verwendung von
3D Scannern digitalisiert. Wir entwickeln daher eine Methode zur Bestimmung
der Genauigkeit eines 3D Scanners, die auf dem Konzept der Modulationstrans-
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ferfunktion basiert.

Um eine Szene mit realen Lichtquellen beleuchten zu konnen, schlagen wir
ferner eine Methode zur Erfassung der Nahfeldabstrahlung eine Lichtquelle vor,
bei der vor der Digitalisierung ein optischer Filterungsschritt durchgefiihrt wird.
Wir wenden diese Methode zur Digitalisierung mehrerer Lichtquellen mit unter-
schiedlichen Abstrahlcharakteristika an und zeigen auf, wie die dabei erzeugten
Modelle in globalen Beleuchtungsberechnungen sowie bei der Bildsynthese mit-
tels moderner Graphikkarten verwendet werden kénnen.



Summary

Accurate representations of objects and light sources in a scene model are a cru-
cial prerequisite for realistic image synthesis using computer graphics techniques.
Such models can be generated using a variety of methods (e.g., in a CAD based
construction process or by physical simulation techniques). But given a real world
object or a real world light source, the most reliable method to create an accurate
representation of the object or light source is to acquire its properties using a
suitable acquisition technique. This thesis therefore presents techniques for the
efficient acquisition of real world objects and real world light sources. It also
includes an assessment of the quality of the acquired models.

The appearance of an object showing only local light reflection can be mod-
eled by a bidirectional reflectance distribution function (BRDF). We incorporate
color management techniques into the appearance acquisition in order to reference
the acquired models to a well-defined standard color space. On the output side of
the appearance reproduction pipeline, we again use color management techniques
to adapt the generated image data to the output device. Under the assumption that
the color management system correctly describes the properties of the involved
input and output devices we can achieve best-possible reproduction of local light
reflection with the available input and output devices. We validate both, the ac-
quired models as well as final renderings of the models, by comparing them to
ground truth.

Translucent objects are characterized by diffuse light transport inside the ob-
ject. To describe their light interaction behavior, instead of a BRDF the more
complex bidirectional scattering-surface reflectance distribution function (BSS-
RDF) is required. We introduce a hierarchical model for diffuse subsurface light
transport in translucent objects that approximates the BSSRDF by a diffuse re-
flectance function. We derive an acquisition methodology and setup an acquisi-
tion system that illuminates individual surface points of a translucent object and
observes the object’s response. The system is used to acquire models of several
translucent objects and renderings of the acquired models are compared to pho-
tographs of the real objects under similar illumination conditions. The acquired
models can be rendered interactively using modern graphics hardware but can also
be incorporated into many other rendering systems.

Geometry models of real world objects are often acquired using 3D range
scanning systems. Their accuracy is not only important for realistic rendering
but also for many other acquisition techniques that require a geometry model as
part of the input data. We present a method based on the concept of modulation
transfer functions (MTF) to evaluate the accuracy of a 3D range scanner. We
acquire a scan of a sharp edge and compute its Fourier transform. By comparing
the resulting frequency spectrum with the frequency spectrum of an ideal sharp
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edge we determine the MTF of the 3D range scanner. The computed MTF is a
particularly relevant accuracy measure as it determines how well sharp features,
that are contained in many real world objects, can be acquired.

Apart from realistic models of real world objects, realistic illumination is very
important for high quality scene rendering. In order to be able to illuminate a
scene with realistic light sources, we propose a method to acquire the near-field
emission characteristics of real world light sources. Such a near-field model de-
scribes the emitted radiance for any position in space and any emission direction.
In order to ensure correct sampling and to avoid aliasing artifacts, we perform an
optical prefiltering step that projects the emitted radiance into a finite set of basis
functions. The acquired models can be efficiently integrated into both global illu-
mination as well as hardware-accelerated rendering systems. We acquire models
of several light sources with different emission characteristics and compare the
reconstructed emission pattern projected onto flat surfaces to photographs of the
real world light sources illuminating similar diffuse surfaces.

In summary, this thesis contributes to both, acquisition techniques for real
world objects and real world light sources and their validation. It covers a broad
range of properties of real world objects including their geometry, their interaction
with light, and their light emission characteristic. It helps to improve the quality of
the models used as foundation for realistic image synthesis and allows for using
accurate models of real world objects and real world light sources in rendering
applications.
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Zusammenfassung

Exakte Reprisentationen der Objekte und Lichtquellen in einem Modell einer
Szene sind eine unerldBliche Voraussetzung fiir die realistische Bilderzeugung mit
Techniken der Computergraphik. Solche Modelle von Objekten und Lichtquellen
konnen durch einer Reihe von Methoden erzeugt werden (zum Beispiel in einem
Konstruktionsprozess mittels CAD-Systemen oder mit physikalischen Simula-
tionstechniken). Die zuverldssigste Methode, um ein exaktes Modell eines echten
Objektes oder einer echten Lichtquelle zu erzeugen, ist jedoch die Digitalisiertung
ihrer Eigenschaften unter Verwendung geeigneter Akquisitionstechniken. Diese
Arbeit stellt daher Techniken zur effizienten Digitalisierung von echten Objekten
und echten Lichtquellen vor. Sie enthilt auBerdem Methoden, die die Beurteilung
der Qualitit der digitalisierten Modelle erlauben.

Das Aussehen eines Objekts, das Licht an der Oberfldche nur lokal reflektiert,
kann mittels einer bidirektionalen Reflektanzverteilungsfunktion (Bidirectional
Reflectance Distribution Function, BRDF) beschrieben werden. Wir integrieren
Farbmanagementtechniken in ein Verfahrung zur Digitalisierung von Farbe und
Spekularitit eines Objektes mit dem Ziel, dal die digitalisierten Datensitze in
einem wohldefinierten Farbraum vorliegen. Wir wenden weiterhin zur Ausgabe
der erzeugten Bilddaten Techniken das Farbmanagements an, um die Bilder an
die Eigenschaften der verwendeten Ausgabegerite anzupassen. Unter der Voraus-
setzung, daf das Farbmanagementsystem die Eigenschaften der verwendeten Ein-
und Ausgabegerite korrekt beschreibt, konnen wir so eine bestmogliche Repro-
duktion der lokalen Reflektionseigenschaften mit den gegebenen Geriten erzie-
len. Wir iiberpriifen die Genauigkeit der erzeugten Modelle und der aus den
Modellen erzeugten Bilder, indem wir sie mit unabhingig gemessenen Werten
beziehungsweise dem wahren Aussehen unter gegebenen Beleuchtungsbedingun-
gen vergleichen.

Objekte aus durchscheinenden Materialien sind durch diffusen Lichttransport
im Inneren der Objekte charakterisiert. Um dieses Verhalten zu beschreiben, wird
anstatt einer BRDF die michtigere bidirektionale Reflektanzverteilungsfunktion
fiir streuende Materialien (Bidirectional Scattering-Surface Reflectance Distribu-
tion Function, BSSRDF) bendtigt. Wir fiihren ein hierarchisches Modell fiir den
diffusen Lichttransport in durchscheinenden Objekten ein, das die BSSRDF mit-
tels einer diffusen Reflektanzfunktion annédhert. Wir leiten daraus eine Digita-
lisierungsmethode ab und konstruieren einen Akquisitionsaufbau, der einzelne
Oberflachenpunkte eines durchscheinenden Objektes beleuchtet und die Impuls-
antwort des Objektes aufzeichnet. Wir digitalisieren mehrere durchscheinende
Objekte mit diesem Aufbau und vergleichen aus den Modellen erzeugte Bilder
mit Photographien der echten Objekte unter dhnlichen Beleuchtungsbedingungen.
Die erzeugten Modelle konnen unter Verwendung moderner Graphikkarten inter-
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aktiv dargestellt werden. Sie konnen aber auch direkt in viele andere Systeme zur
Bildsynthese integriert werden.

Geometriemodelle echter Objekte werden oft unter Verwendung von 3D Scan-
nern erzeugt. Die Genauigkeit dieser Modelle ist nicht nur wichtig fiir reali-
stische Bildsyntheseverfahren sondern auch fiir viele Digitalisierungsverfahren,
die ein Geometriemodell als Teil der Eingabedaten voraussetzen. Wir stellen da-
her eine Methode zur Messung der Genauigkeit eines 3D Scanners vor, die auf
dem Konzept der Modulationstransferfunktion (Modulation Transfer Function,
MTF) beruht. Wir fithren dazu einen einzelnen 3D Scan einer scharfen Kante
durch und berechnen daraus die Fouriertransformation. Wir vergleichen das re-
sultierende Frequenzspektrum mit dem Frequenzspektrum einer idealen scharfen
Kante und berechnen daraus die MTF des 3D Scanners. Die Modulationstrans-
ferfunktion ist ein besonders wichtiges Genauigkeitsmal}, da sie angibt, wie gut
scharfe Details digitalisiert werden konnen, die in vielen echten Objekten vorkom-
men.

Abgesehen von exakten Modellen echter Objekte, ist auch eine realistische
Beleuchtung fiir die qualitativ hochwertige Bildsynthese erforderlich. Wir schla-
gen eine Methode zur Digitalisierung des Nahfeldes einer Lichtquelle vor, um
eine Szene mit einer echten Lichtquelle beleuchten zu konnen. Das Nahfeld
beschreibt die Lichtabstrahlung fiir alle Punkte und alle Abstrahlungsrichtungen.
Wir fiithren einen optischen Filterungsschritt durch, der die Lichtabstrahlung in
einen endlichdimensionalen Raum von Basisfunktionen projiziert, um eine kor-
rekte Abtastung zu erhalten und Aliasingartefakte zu vermeiden. Die digita-
lisierten Modelle eignen sich sowohl zur effizienten Verwendung im Rahmen
von globalen Beleuchtungsberechnungen als auch fiir die Bildsynthese mittels
moderner Graphikkarten. Wir digitalisieren verschiedene Lichtquellen mit un-
terschiedlichen Abstrahleigenschaften und vergleichen das rekonstruierte Ab-
strahlverhalten mit dem Abstrahlverhalten der echten Lichtquellen, indem wir die
Projektionen auf eine flache Oberfliche betrachten.

Zusammenfassend enthilt diese Dissertation Beitrige zu Digitalisierungstech-
niken fiir echte Objekte und echte Lichtquellen sowie Methoden zur Validierung
dieser Techniken. Die Arbeit deckt ein breites Spektrum von Eigenschaften
realer Objekte einschlieBlich Geometrie, ihrer Interaktion mit Licht sowie ihrer
Lichtabstrahlcharakteristik ab. Sie tridgt dazu bei, die Qualitdt von Modellen,
die als Grundlage fiir die realistische Bilderzeugung verwendet werden, zu
verbessern und ermdoglicht es, Modelle echter Objekte und echter Lichtquellen
in der Bilderzeugung zu verwenden.
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Chapter 1

Introduction

Photorealistic rendering of complex scenes can nowadays be performed even on
commodity PC hardware at interactive rates. Offline rendering algorithms can
generate images that are virtually indistinguishable from reality. As improve-
ments in hardware capability follow or even surpass Moore’s law [Moore65] and
more efficient rendering algorithms are constantly introduced, there is also a rising
demand for more and more complex and realistic input data modeling all relevant
properties of a scene. This generally includes the scene geometry as well as light
emission and its interaction with objects consisting of various materials.

Accurate scene models can originate from a variety of sources: If highly de-
tailed CAD data is generated in an engineering process such as the construction
of a new car, aircraft or building, it can also be used for rendering purposes pro-
vided that the optical properties are modeled as well. Artists are able to build
compelling models of individual objects and whole environments that are tailored
to a specific application — an approach often used by the movie industry. Further-
more, physical simulations of natural phenomena or mathematical models such as
fractal geometry can create realistically looking input data.

But given a real world object, none of the above methods is well suited to
generate a realistic model of its geometry and interaction with light or its light
emission characteristics for the case of a light source. In particular, small im-
perfections characteristic to an individual specimen — even if it is generated by
industrial mass production methods — pose a huge challenge. This thesis focuses
therefore on measurement based modeling approaches that capture properties of
real world objects and real world light sources relevant for realistic image synthe-
sis.



Chapter 1: Introduction

1.1 Problem Statement

The complexity of the properties of real world objects make acquiring a general
and complete representation extremely hard or even impossible. The first chal-
lenge in acquiring the properties of a real world object is therefore normally to
define a suitable model that allows for an accurate representation of the property
or properties under consideration. For computer graphics applications, it is often
possible to use a simplified, approximative model as long as it is still sufficiently
accurate for realistic image synthesis.

The next task is then to devise an acquisiton method that estimates the model
parameters so that it best approximates the properties of the real world object. This
normally requires the use of various physical devices that need to be carefully cal-
ibrated and operated under controlled conditions. The acquired data is then used
in a modeling or optimization step to determine the correct model parameters.

The acquired models must then be converted into a format that allows for
efficient access to the relevant information by the target applications. The require-
ments of different applications, e.g., a global illumination system or a hardware-
accelerated rendering system, may differ quite strongly so that the models need
to be adapted to each application scenario. It is therefore advisable to be already
aware of the final requirements when designing a model and an acquisition ap-
proach.

Finally, the quality of the acquired models should be validated to ensure that
they accurately represent the given object properties. Validation is usually per-
formed by comparing the models to ground truth or by assessing the quality in a
user study.

This dissertation covers four topics related to real world acquisition techniques
that are also represented in Figure 1.1. We first present a method to estimate
the accuracy of 3D range scanners commonly used to acquire the geometry of
an object. We then extend an appearance acquisition and reproduction pipeline
by a color management system in order to ensure correct color and appearance
acquisition. Finally, we introduce methods to acquire the near-field of a light
source and the reflection properties of translucent materials. All methods result
in models that can be efficiently integrated into both global illumination systems
and hardware-accelerated rendering approaches.

1.2 Main Contributions

Throughout the course of this dissertation, parts have already been pub-
lished at different conferences and in various journals [Goesele00, GoeseleO1,
HeidrichO1, Goesele03b, Granier03, LenschO3b, Goesele03a, GoeseleO4a,
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Figure 1.1: Topics addressed in this dissertation. Top left: 3D range scan of a
sharp edge used for 3D scanner accuracy estimation. Top right: Color-calibrated
(left) and uncalibrated appearance dataset of a carafe. Middle: Rendering using
an acquired light source model of a car headlight and bike light in acquisition
setup. Bottom: Partially illuminated model of a translucent horse with local and
global light propagation.
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Lensch04, Goesele04b]. These publications are the foundation of this thesis
which incorporates them under the topic of real world acquisition techniques and
presents improvements and updated results.

The main contributions of this dissertation can be summarized as follows:

The setup of an acquisition lab tailored to the acquisition of real world ob-
jects and real world light sources and a description of the used hardware.

An extension of the concept of modulation transfer functions (MTF) to
3D scanning systems and an efficient measurement methodology. Given
a single 3D scan of a slanted edge, the accuracy of the scanning system can
be determined for the practically relevant case of sharp feature edges in an
object.

The integration of an acquisition algorithm for spatially varying bidirec-
tional reflectance distribution functions (BRDF) into a completely color-
managed processing pipeline. The final models can thus be validated
through ground-truth color measurements using a spectrophotometer and
the error between rendered model and the real object under identical illumi-
nation conditions can be quantified.

An acquisition algorithm for real light sources that takes specifically in-
cludes correct prefiltering before the sampling stage. The acquired light
source models can be used to illuminate arbitrary scenes in a global illu-
mination framework but can also be rendered using programmable shader
hardware of current graphics cards.

A hierarchical model for the bidirectional scattering-surface reflectance dis-
tribution function (BSSRDF) for translucent objects and a corresponding
acquisition algorithm to acquire such a model for translucent real-world ob-
jects. The model can be integrated into many current rendering algorithms
for translucent materials.

1.3 Chapter Overview

The remainder of this dissertation is structured as follows: Chapter 2 summarizes
the fundamentals of physics and computer graphics relevant to the covered topics.
We then discuss the acquisition hardware and software used as foundation for our
work (Chapter 3). Our method to determine the modulation transfer function of
a 3D scanning system is introduced in Chapter 4 and the color-managed BRDF
pipeline is presented in Chapter 5. Next, we discuss our image-based lightsource
model and the corresponding acquisition and rendering system (Chapter 6). We
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derive then in Chapter 7 a hierarchical reflection model for translucent objects,
show how its parameters can be measured for real objects and introduce an ef-
ficient rendering algorithm. The dissertation ends with the conclusion and an
outlook on future work (Chapter 8).
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Chapter 2
Background

The image we perceive if we look at an object depends on a whole series of effects
(Figure 2.1): Light is emitted by a light source and illuminates an object. A
portion of the energy is absorbed by the object whereas the remainder is reflected —
either directly at the surface or after passing through parts of the volume occupied
by the object. The light finally reaches an observer’s eye. Alternatively, it is
digitized by some acquisition device such as a digital camera.

This thesis focuses on acquisition techniques for computer graphics applica-
tions. This includes capturing the light emission properties of real-world light
sources and acquiring the interaction behavior of light with translucent objects.
But it draws also on all other parts of the “visual pipeline”. We therefore review
first the underlying physics of light and give then an overview over light sources
and their properties. We next describe ways and models of how light interacts
with objects. We briefly review the rendering equation and show how it is used
in inverse rendering to gain information about the properties of light sources and
materials.

2.1 Models of Light

One of the fundamental aspects of computer graphics are the properties of light,
the interaction of light with various materials, and the reception of light by either
the human visual system or by an imaging system. We will in the following review
the basic physical terms and concepts of light relevant to computer graphics. More
in depth descriptions can be found in standard physics textbooks such as Born and
Wolf [Born99], specific computer graphics applications are for example described
in Glassner [Glassner94] or Cohen and Wallace [Cohen93].

The physics of light can be described by several different models. Quantum
Optics, the most comprehensive model, is derived from the principles of quantum
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Figure 2.1: The “visual pipeline”. Light is emitted by a light source and illumi-
nates an object. The object interacts with the light, both, on its surface and within
its whole volume and reflects a portion of the light. A human observer looks at the
scene and interpr