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Abstract

In this document, we explore the different steps usually required for imagesynthesis. The main focus
of this exploration is to take as much as possible users into account. The creation of 3D images relies
first on the definition of a collection of 3D models and on their relative positions. For this purpose,
we exploresketch-based modeling toolsfor 3D meshes, extending the use of shape curves from
silhouettes to profile, and exposing all the different steps of the reconstruction process together with
the underlying representation. We also explore the use of such tools whenusers are standing in front
of large displays.

Once the object geometry is defined, users have to work on designing its appearance, result of the
interaction of light with its reflective material and geometry. We introduce a new BRDF model and
its modeling toolsto extend the range of possible lighting effects. Since the object shape participate
also the shading perception, we also introduce ashape descriptorto extract continuous information
of convexity and curvedness. This real-time analysis is used to re-introduce them in different shading
styles.

Finally, we introduce a new lighting representation that may be used for useredition of global
illumination. This representation is based on aregular grid of vector quantities storing the incoming
lighting. The combination of volumetric and vector representation make it suitable for all algorithms
that have to deal with the geometric complexity of 3D scenes.

keywords

Image Synthesis; Geometry Modeling; Sketching and User-Edition; BRDF; Global Illumination; Ex-
pressive and Non-Photorealistic Rendering;
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Dans ce document, nous explorons les différentes étapes habituellement requises pour la syn-
thèse d’image. Le principal but de cette exploration est de prendre en compte autant que possible
l’utilisateur. La création d’images 3D nécessite en premier lieu la définition d’une collection de mod-
èles 3D et de leur position relative. Pour cet objectif, nous explorons lestechniques demodélisation
3D par esquissespour des maillages 3D, en étendant l’utilisation de courbe de la définition de la
silhouette à celle du profil de la forme, et en exposant toutes les différentes étapes du processus de
reconstruction ainsi que la représentation interne. Nous explorons aussi l’utilisation de tels outils
lorsque l’utilisateur se trouve face à de grands écrans.

Une fois la géométrie d’un objet définie, un utilisateur doit définir son apparence résultant de
l’interaction de la lumière avec ses propriétés de réflexion et sa géométrie. Nous introduisons un
nouveaumodèle de BRBF et ses outils de modélisationpour étendre les effets lumineux possibles.
Puisque la forme de l’objet influence la perception de son éclairement, nousintroduisons aussi un
descripteur de forme pour extraire des informations continues de convexité et de courbure. Cette
analyse en temps-réel est utilisée pour re-introduire ces information dansdifférents styles de rendu.

Finallement, nous introduisons une nouvelle représentation pour l’éclairement qui offre un grand
potentiel en terme d’édition pour l’éclairage global. Cette représentation estbasée sur unegrille
régulière de vecteurs d’irradiancequi encode l’éclairement incident. La combinaison d’une ap-
proche volumique et vectorielle rend cette méthode bien adaptée pour tous lesalgorithmes qui doivent
faire face à la complexité géométrique des scènes 3D.

keywords

Synthèse d’images; Modélisation géométrique; Modélisation par esquisse and edition; BRDF;
Éclairement global; Rendu expressif et non-photorealiste;

viii



Contents

Introduction 1

1 Sketching 3D Models 5
1.1 Context and Previous Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . 5
1.2 Profile Curves for Enhanced Free-Form Modeling . . . . . . . . . . . .. . . . . . . 8
1.3 3D Positioning for Large displays . . . . . . . . . . . . . . . . . . . . . . . . . .. 16
1.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2 Local Illumination and Shading 25
2.1 User-Designed Glossy and Specular BRDF . . . . . . . . . . . . . . . . . .. . . . 26
2.2 Shape Depiction through Expressive Shading . . . . . . . . . . . . . . . .. . . . . 36
2.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3 Global Illumination 49
3.1 Previous Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .49
3.2 Irradiance Vector Grid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 58
3.3 Applications and Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
3.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

4 Conclusion & Future Research 71
4.1 Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
4.2 Future Research: General Approach . . . . . . . . . . . . . . . . . . . .. . . . . . 72
4.3 Specific Context: Cultural Heritage . . . . . . . . . . . . . . . . . . . . . . . . .. . 75

A Global Control on Colored Reflection 77
A.1 Motivations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
A.2 Previous Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .79
A.3 Bilinear Reflection Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .80
A.4 New Reflection Operators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 81
A.5 Coefficients Estimation:kc

d,e . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
A.6 Reflection Behavior Control . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 85
A.7 Applications and Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
A.8 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

ix



CONTENTS CONTENTS

B Vectorial Definitions 91
B.1 Definitions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
B.2 Bases for Directional Vectors . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . 93
B.3 Extending Radiosity Equation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
B.4 Irradiance Vector for Environment-maps . . . . . . . . . . . . . . . . . . . .. . . . 97

C Curriculum Vitae 99

Bibliography 109

x



Introduction

Computer Graphics context

In we look back into the history of Computer Graphics, we may notice an interesting evolution. During
a long time, its main goal was to provide efficient and accurate approximations of physical worlds
in order to be able to simulate the reality using the available processing power: the main concern
was the accuracy in creating 3D models and physically-based rendering.On illustration of such an
approach is the “Rendering Equation” [Kaj86] that formalizes the recursive light propagation, and all
its subsequent algorithms: with the increasing computational power and increasing understanding of
the lighting phenomena modeled in this equation, we are now able to produce images that look so
real!

This research approach is still very important in Computer Graphics, but abrand new trend has
emerged. More and more, the research is now focusing on computing images(taking into account that
their goal is to be seen) and on creative techniques: users are more andmore put into the processing
loop [Sei99]. This leads to an even more importance of interactivity (since it provides users with rapid
feedbacks of their actions) and of comprehensible and simple parameters.One perfect example is the
raising of sketch-based techniques for 3D modeling [IMT99]: 3D objectsare defined by some of their
visual characteristics such as silhouettes drawn by users as a set of 2Dcurves. Another example is the
slow change from physically accurate global illumination1 to plausible one: the resulting illumination
has to look correct and fit the desired solution.

Another illustrative example is the still raising interest towardexpressive rendering2: such ap-
proaches have first explored the simulation of traditional artistic techniquesto develop a larger field
due the extended possibilities of computers. They are more and more concerned with how users can
tune comprehensible parameters to reach the final visual result that was intended. Interestingly, this
change corresponds also to the administrative French naming of Computer Sciences: “Science and
Techniques of Information and Communication”. We are more and focus on how we can present and
transmit some information issued from 3D scenes in order to be more legible andcognitively efficient.

1Physically accurate global illumination is often misnamed, in my opinion, as “photorealism”. Firstly, professional
photographers often use optical and lighting tricks to create the desired pictures: this is no more the reality, it is already an
artistic approach. Secondly, “photorealism” is another name for “hyperrealism”, an artistic movement in painting.

2This expression is more and more preferred to Non-Photorealistic Rendering (NPR): not being something is a too
restrictive definition. Furthermore, this expression is often used to design more artistic approaches. But as seen in previous
footnote, photorealism can also be artistic.
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INTRODUCTION

Personal scientific context

From my initial interest in accurate global illumination, I have followed a similar path. My PhD
work [GD99, GD01, GD04b] was mostly focused on trying to provide simple and generic computa-
tional solutions for simulations. The intended control was mainly accuracy and not intuitiveness. The
only user concern was the reduction of the number of parameters for these complex simulations. The
assumption was that simpler and interactive approaches would result in more user-friendly controls.
I have pursued this kind of development during my post-doctoral fellowship and its results in the
creation of a generic and simple model for reflections [GH03].

Satisfying from a numerical and simulation point of view, or for a real-time rendering point of
view, none of these approaches were convincing from a user point ofview. Our global illumination
solution requires an algorithmic and numeric knowledge of the simulation process, as knowledge of
the simulated phenomena, in order to be able to control the solution. Furthermore, the results are only
tied to physically plausible ones. Our simple model of reflection does not provide any comprehensible
parameters but only pseudo-physical ones. None of them make it easy toreach the results that were
expected by users, but results that are more or less physically correct.Once again, even if such an
approach is important in Computer Graphics to understand the different physical constraints, it is not
taking into account what I believe to be one of the specificities of this domain that is, creativity of
users and their a-priori knowledge of their expected results.

Users needlevers to raise their virtual worlds. In creative context, as an example, they need to be
able to decide that the shape of a shadow has to be possibly non-geometrically feasible. When a large
range of solutions is possible, they also need to be able to define themselves what the correct one is,
and not based solely on purely automatic algorithms. Taking into account these constraints offers a
new way of thinking the different problems and leads to new representations.

Goals and overview

This document is a unique opportunity for me to take a break, look back on thework done now since
more than 10 years and to re-introduce it in this context. Each result has to be considered as an ex-
perimentation of my research approach. I have tried to explore as largely as possible different aspects
of Computer Graphics while trying to preserve my non-expertise to evaluate their user-friendliness of
the resulting approaches. This naivety has helped me in developing the presented solutions by taking
a new look on classical problems.

Firstly, I will present some work done on geometric modeling, the first step ofany modeling of
3D scenes. By trying to avoid the complexity of large software, we have focused our researches on
3D sketching. This reflection of user-intuitive 3D modeling leads to the definition of new surface-
reconstruction schemes based on the set of user-drawn curves. We have also explored the use of such
an approach in Virtual Reality Centers, where classical interaction devices are not sufficient.

The second step is in general the definition of shading properties of 3D objects. The second
chapter details thus first, a new sketching and painting metaphor to define reflectance properties. Since
appearance is also related to the geometric characteristics of 3D objects, I also present an approach
that we have developed to analyze 3D shapes and to introduce back their features in a collection of
expressive styles.

In the third and last chapter, I present an exploration of more global definitions of 3D scenes that
is, the interactions between their different components and the light propagation. All the multiple
inter-reflections and shadowing effects that occur have to be taken into account. This chapter illus-
trates how the reflection on a more user-friendly representation can result in a more generic solution.

2



INTRODUCTION

The presented representation offers a geometrically robustness that is well-suited for a number of ap-
plications, such as interactive rendering, streaming of 3D scenes, and caching structure for stochastic
integration.

To conclude this document, I will not only review all the contributions, but I will detail some
research directions that can result from the presented solutions. Froma general overview, this presen-
tation will also explore some specific applicative contexts.

3
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Chapter 1

Sketching 3D Models

The creation of 3D images relies first on the definition of a collection of 3D objects and on their
relative positions. Inherited from its mathematical history, 3D modeling is issuedfrom CAGD and
thus based on 3D primitives such as meshes, parametric and implicit surfaces. Due to the resulting
large number of tools for each geometrical approach, the interface of current 3D modelers may be
extremely complex and intimidating for non-expert users. Creating prototypes of 3D models may
thus become a slow and painful task.

Since more than ten years now, new approaches for 3D modeling have been developed, consid-
ering our human ability to quickly describe the general shape of a 3D objectvia simple drawings.
Before considering any lighting, we will thus take a tour into the definition of 3Dworlds from their
geometric aspect, using user-friendly interaction namedSketchingfor 3D modeling.

We focus on two aspects of free-form modeling. The first one is the creation of objectsmore
complex than classical blob-like ones, and withhigher genus. This development leads also to some
quality improvements over previous mesh-based reconstructions. The second one is theinteraction
aspect to eitherexpose comprehensiblyall the reconstruction steps and parameters, and to intuitively
position the different object’s components in the context ofreality centers. Apart from the Sec-
tion 1.2.2 and Section 1.2.3, the results presented in this chapter have been validated by the following
publications: [LGS06a, LGS07b, LG07, ZHG08].

1.1 Context and Previous Work

Artists use many techniques to suggest the 3D object shape, techniques such as characteristic lines
(or contour lines) or shaded areas. Since drawing is a familiar task for a lot of people, “sketching”
has been introduced as a natural alternative to conventional 3D modeling (a very good overview has
been published by Olsen et al. [OSSJ09]. Existing sketching approaches can be divided into three
categories: the line-and-stroke approach, the painting-or-shading approach, and the curve-and-gesture
approach.

Lines and Strokes

The principle of the line-and-stroke approach is to infer a 3D volume from characteristic lines issued
directly from user-drawings [EHBE97, VTMS04]. Interactivity [Pug92, SC04] is even possible with

5



Context and Previous Work Sketching 3D Models

such a solution. When ambiguities occur, they may be removed by user-selection of a suitable model
into a list of alternative reconstructions [PBJ+04, FFJ04]. Most of these approaches are limited to
polyhedral models, pre-defined shapes or parameterized objects [YSv05]. Recent methods [CMZ+99,
TBSR04] result in complex 3D lines, but final models are still limited to a collection of oriented planar
curves. Some stroke-based approaches [TDM99, BCD01] allow the creation of real 3D curves, but
such solutions do not result in a 3D object, but still in a collection of strokes.

Painting or Shading

Shading or painting seems to be a natural approach to describe a shape, since part of its perception
is based on its shading. Based on this assumption, the painting-or-shading approaches allow the
generation of highly detailed models. As the shading is in general dependent on normals (i.e., local
surface variations), it seems natural to use it to provide a visual controlof the shape. Extending the
work of Williams [Wil90], Overveld introduced a shape modeling method by painting the surface
gradient [van96]. Some constraints guarantee that a solution exists, butthey disallow the use of
classical 2D paint programs and thus reduce users’ freedom. An original approach to edit shape by
using shading information was introduced by Rushmeier et al. [RGB+03]. Their method was used
to restore the original shape by using a shading image associated with the region to be edited. This
approach is convenient to edit small parts of an existing 3D shape, but it isnot adapted to create a new
shape without an initial 3D model. Moreover, since it makes use of only one light direction a time,
this approach is more restricted and less robust than solutions based on multiple ones.

More recently, Kerautret et al. [KGB05] has shown that height-fields may be reconstructed using
shadings drawn from multiple light directions, but their approach was limited to height-fields and was
not interactive. Wu et al. [WTBS07] and Ng et al. [NWT07] have shownhow a normal field and thus
a surface may be reconstructed from sparse constraints on normals, but were less intuitive that the
original Lumo [Joh02] where the constraints were discontinuity curves. Nevertheless, shading-based
solutions have been successfully extended to edit existing shapes at interactive frame-rate[GZ08],
using laplacian constraints for shape and normal changes. But they arelimited to local shape edition.

Curves and Gestures

Currently, the most powerful techniques have been based on the curve-and-gesture approach. These
techniques allow users to create a large variety of free-form shapes [ZHH96, IMT99, ONNI03] by
using a gesture grammar which converts some drawn curves into a corresponding modeling operation:
extrusion, deformation, cutting, etc.

Either variational surfaces [KHR02, ŽS03], implicit surfaces [SWSJ05] or convolution sur-
faces [ABCG05] have been used by curve-and-gesture approaches. This has the advantage to generate
smooth surfaces, but also emphasizes a "blobby" aspect for the resulting shapes. To reduce this blobby
aspect, Tai et al. [TZF04] have proposed to use a profile curve, defined in polar coordinates. Profile
curves have been used previously in a sketching environment limited to generalized cylinders [GH98].
One nice property of implicit surfaces for the inferred geometry is that the resulting shapes are easily
merged by using classical CSG operators. On the other hand, the main drawback is that some expen-
sive tessellation step has to be employed to convert the surface into a set oftriangles that are sent to
the graphics hardware, and complex shapes require a lot of CSG operations.

But for some modeling operations, as for rendering, even implicit surfaces need to be locally
sampled (e.g., [BPCB08]). Furthermore, fitting some constraints like silhouettecurves may be time-
consuming (e.g., [TZF04, ABCG05]). On the other side, direct rendering is possible with meshes,

6
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or more generally with sampled surfaces, and such surfaces offer in general more flexibility: recent
researches on point-based surfaces (e.g., [KHR02, GG07]) have shown that a sampled surface is easily
interpreted as an implicit surface when required. In our work, we thus rely on these surfaces as our
main representation.

One of the most impressive reconstruction techniques to create 3D models based on sketched
profile curves was presented by Cherlin et al. [CSSJ05]. Unfortunately, it is not possible to create
topological complex objects (i.e., with branches) and it would require the usea skeleton. Besides, for
one object, users have to sketch two disconnected silhouettes. This could be confusing since it seems
more obvious to sketch only one closed silhouette.

Skeleton Extraction

The skeleton extraction introduced in Teddy [IMT99] depends on an initialtriangulation of the ap-
proximated silhouette, and is prone to artefacts leading to a low quality mesh [IH03]. Even when
using implicit surfaces [AJ03, TZF04, ŽS03, ABCG04], the final quality depends on the quality of
the skeleton.

In ConvMo[TZF04], the segment-based skeleton is improved by removing some vertexes, but it
still depends on the initial silhouette sampling. Furthermore, the profile is limited to polar coordinates.
Alexe et al. [ABCG05] use an image processing technique for the skeletoncreation: the resulting
skeleton depends only on image resolution. But it contains not only segmentsand but also polygons:
suitable for convolution surfaces, this is not suitable for profile-based techniques that require curve or
segment-based skeletons.

7



Profile Curves for Enhanced Free-Form Modeling Sketching 3D Models

Profile curve Projected sampling Profile curve Projected sampling

(a) Convex profile curve (Teddy) (b) Non-convex profile curve

Fig. 1.1:Differences for surface elevation between Teddy and our approach:ps
z is the silhouette elevation,vvv the

direction of the radial edge andLv its length. In Teddy (left), radial edges from skeleton to silhouette
are sampled and the samples are elevated. In our approach (right), the profile-curve is sampled, and
the position of these samples are adjusted for each radial edge, based on the local maximum elevation
and edge length. The projection of the resulting 3D verticeson their corresponding radial edge is no
more guaranteed to be ordered.

1.2 Profile Curves for Enhanced Free-Form Modeling

Based on these observations, we have designed a sketching environment on the following criteria.
First, our system directly infers a mesh from a set of curve-and-gesture elements. In addition to speed
for inferring a shape, it is easier to guarantee with a mesh that the silhouette of the resulting objects will
match the drawn one: with implicit surfaces such as convolution surfaces, acostly optimization step
is required [TZF04]. Moreover, using a mesh would offer the possibility tolocally adapt the sampling
according to the local density of details [BPCB08]. Second, our system extends the grammar defined
in Teddy [IMT99] by creating a profile curve for the geometric model that isedited either globally or
locally.

Finally, we want to expose to the users all the reconstruction steps and the internal representa-
tions used for this reconstruction. We believe that this exposition would provide users with more
understanding of the underlying modeling process and with more flexibility.

1.2.1 Profile-Based Approach

Our approach is based on the Teddy system [IMT99], and thus uses a similar four-step process:

1. Users sketch a silhouette curve then this curve is sampled.

2. From the silhouette curve, a skeleton is extracted.

3. Along the skeleton, an elevation distance is computed, as the average distance to the closest
silhouette sections. Radial Edges (segments from skeleton to silhouette) arealso created (see
Section 1.2.3).

4. During the last step (the elevation step), we create 3D points, along eachradial edge, corre-
sponding to a profile curve. Users may further manipulate this profile.

Compared to the original Teddy implementation, our system proposes some improvements: the ele-
vation step is modified, in order to account for non-convex profile curves; we also introduce, in the
following sections, a new and smoother skeleton extraction, the corresponding estimation of radial
edges, and the final surface reconstruction.

8



Sketching 3D Models Profile Curves for Enhanced Free-Form Modeling

Elevation

With Teddy, mesh vertices are created by sampling the radial edges on the silhouette planexxxyyy and
elevating them according to a circular profile curve (see Figure 1.1-(a)). Unfortunately, this only work
for convex profile curves (i.e., profile curves expressed as a height-field). For our approach, we want
to create more complex shapes by defining more complex profile-curves.

To use non-convex profile curves, we propose to compute a set of sample points directly on the
profile curvepppp = (pp

v , pp
z), and use these samples along each radial edge to obtain the position of the

corresponding mesh verticesppp = (px, py, pz). Note that we rescalepppp to fit the following constraint
pp

v ≤ 1. This constraint guarantees that the final object will stay inside the silhouette, and that it does
not contain self-occlusion, apart if the silhouette contains some. Indeed,coordinatespx and py are
computed as

px = ps
x +vxLv pp

v and py = ps
y +vyLv pp

v

whereppps, using the notation of Figure 1.1, is the skeleton point from which this edge is issued. The
final elevation of each vertex is thus a simple scaling given by

pz = ps
z pp

z ,

whereps
z is the corresponding skeleton elevation.

1.2.2 Skeleton Extraction

A smooth skeleton is critical for the generation of high-quality objects. Furthermore, in order to
expose the different steps of the 3D model generation, each operation has to be robust. We have first
experimented a skeleton extraction from an implicit 2D function [LG07]. The basic idea is that the
skeleton follows a line of local minima of the implicit function. Even if the skeletons are smooth, the
approach is not robust: it was based on a time consuming gradient descent.

We thus improve it with a hybrid method based on a binary image analysis and still, a2D vari-
ational implicit function (both of them reconstructed form the sketched silhouette). On one side,
thinning (e.g., [MBPL99, ZQN95]) generate skeletons that preserve theshape topologies [Cou06].
However, they are noise-sensitive and usually yield unwanted edges. On the other hand, skeletons
extracted from implicit functions are smooth [LG07, MWO03]. Unfortunately, depending on the im-
plicit function, this approach may smooth out some features. In our approach, a thinning algorithm,
which preserve the shape topology, is used to find the skeleton seeds (i.e.,the vanishing points of
the distance function to the silhouette), and an implicit function is used to generate the final smooth
skeleton between the seeds.

Skeleton Seeds

The first step consists in the construction of a binary image from the sketched silhouette. On this
image, we apply a thinning process to find skeleton seeds. To speed-up theprocess, we use a parallel
approach [ZQN95]. At each step, any pixel of the image boundary is potentially removed (contrary
to a sequential thinning that only removes pixels in a given direction). However, a retrieval mask has
to be applied in order to preserve non-simple pixels (corresponding to junction between the different
parts: they are topologically important).

As shown in [Cou06], the algorithm guarantees that the shape topology is preserved. For each
boundary pixel of the binary image, 8 thinning masks (see Figure 1.2-(a))are applied. In order to
ensure a 1-pixel width skeleton, we introduce two retrieval masks (see Figure 1.2-(b)) in the original
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Fig. 1.2:(a) Thinning masks for the technique of Ng et al. [ZQN95].• is the pixel currently treated and empty
cell means that the value is 0 or 1. (b) Restoring masks added to ensure to have a 1-pixel width.

Fig. 1.3:Skeleton from thinning. Fig. 1.4:Smoothed skeleton.

approach [ZQN95]. If any of the thinning masks and none of the retrieval ones are matched, the pixel
can be removed while preserving the topology. The resulting skeletons (see Figure 1.3) are far from
being smooth but, they are used to determine the seeds (points that embed the core shape topology).
These seeds are easily identified using the pixel connectivity on the resulting skeleton:
◦ 1 neighboring pixel: the pixel is afinal seed
◦ 2 neighboring pixels: the pixel is not a seed
◦ more than two neighboring pixels: the pixel is ajunction seed

Skeleton Edge Generation

Starting from the seeds, the skeleton edges are curves that connect twoneighboring seeds. Finding
these neighboring relationships between seeds is simple, based on the skeleton generated by thinning.
To smooth the skeleton edges, a mass-spring system defined by Equation 1.1is used for each skeleton
point i from the skeleton edges:

pppi = pppi−∇∇∇Fi +∑
j

rrr i j

(

δ
φ −|rrr i j |

φ

)

(1.1)

wherepppi is the position of skeleton pointi, ∇∇∇Fi is the gradient of implicit functionF at positionpppi , rrr i j

the vector between the pointi and its neighborsj, φ the radius of the particles andδ the global length
of the springs1.

Since seed positions are fixed, only skeleton points belonging to the skeletonedges are moving
accordingly to Equation 1.1. Since the mass-spring system is influenced by the implicit function, the

1in our current implementation,δ = 2φ andφ is defined asφ = Ψ/k whereΨ is the diagonal of the object bounding
box andk is a user-defined scaling factor ofφ
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(a) (b)

Fig. 1.5:(a) Radial edges and their dependency
on the seeds. (b) Silhouette segmenta-
tion based on the previous radial edges.
The colors show the correspondence
between the skeleton and silhouette
components.

Fig. 1.6:New radial edges from our approach.

skeleton edges tend to follow the lines of local minima. Thus, skeletons generated by our technique
(see Figure 1.4) are smooth while preserving the topology.

1.2.3 Improved Surface Reconstruction

We generalize the work of Cherlin et al. [CSSJ05]to any closed silhouette.To this purpose, we use the
skeleton generated with our approach (see Section 1.2.2) to segment the silhouette into components
on which this technique [CSSJ05] can be used for inferring the 3D model.

Silhouette Segmentation

The silhouette segmentation is based on radial edges (edges that connecta silhouette point to a
skeleton point). The initial radial edges are connected to their closest seeds. The set of radial edges
connected to a seed correspond to the silhouette region that depends on it(see Figure 1.5-(a)).
According to the seed type (junction or final), a different algorithm is usedto select a subset of radial
edges which support the final segmentation (see Figure 1.5-(b)). The silhouette section that connects
two selected edges is called asilhouette edge.

Final seed: these seeds have only one neighbor but two radial edges are needed tosegment
the silhouette region. We keep only the two radial edges that are the most orthogonal to the skeleton
edge connected to this seed (see Figure 1.5-(b)).

Junction seed: the number of required radial edges is equal to its number of neighboring
seeds. Thus, the seed is simply connected to the closer silhouette points for each seed-dependent
region of the silhouette (see Figure 1.5-(b)).

Inferring a 3D Surface

Starting from this set of radial edges and as in [CSSJ05], each skeletonand silhouette edges are
smoothly reconstructed assplines. Indeed, as illustrated in Figure 1.5-(b), each silhouette edge corre-
sponds to either a skeleton edge or a final skeleton seed. Each skeleton edge is related to 2 silhouette
edges.

11
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To compute a final set of radial edges (see Figure 1.6), the 3 edges aresampled with the same
number of points. Then, it is sufficient to connect the skeleton points of theskeleton edge to their 2
corresponding silhouette points. Finally, for the silhouette edges that are related to a final skeleton
seed, the radial edges are created by linking the silhouette points to the seed.

Then, the radial edges are sampled and these samples are simply triangulatedwith their immediate
neighbors on the silhouette plane and are displaced according to the profile(see Section 1.2.1).

1.2.4 Multi-View Interface

(a) (b)

Fig. 1.7:(a) Three different views are used in our system: the 3D view (left frame) that shows the 3D object
under construction, the skeleton view (upper-right frame)which shows the outline of the object and
its skeleton and, the profile view (bottom-right frame) thatshows the profile currently used to create
the object. (b) A door created with two objects. Their relative 3D positioning was done in the 3D
view.

Since this approach provides users with a larger range of possible resulting shapes, it is even
more essential to integrate all the actions in a simple interface, with comprehensible feedback. Our
prototype, shown in Figure 1.7, is based on three different views: the 3Dview (left frame), the skeleton
view (upper-right frame) and the profile view (bottom-right frame). Eachview is specialized into a
component of the modeling process and defines its own sketching interactions. For easier undo or redo
actions, we complete the profile view by a complementary one, allowing the selection of an existing
profile curve.

3D View

The 3D view is very similar to the standard one-view of other 3D sketching systems, and is mainly
used to perform three tasks: (i) the visualization of 3D objects, (ii) the positioning of these 3D objects
(either by moving them - see Figure 1.7-(b) - or by defining a new 2D plane for the silhouette curve)
and, (iii) 3D editing of objects. All the Teddy-like operations such as cutting,extrusion or fusion
might be implemented in this last view.

12
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(a) (b)

Fig. 1.8:(a) Using the selection tool to select a set of radial edges. (b) The zoom tool focus on a part of the
silhouette/skeleton.

Skeleton View

This view shows the silhouette shape as well as its skeleton, and is a very good illustration of what
we intend to do by exposing all the underlying process and representation. In sketching approaches,
the direct selection in the 3D view may be difficult, due to the 3D projection on the screen. With
multi-view systems, this selection is performed in the 2D skeleton view. Since, there is no projection
from a 2D sketch to a 3D space, the result is much easier to predict.

Profile View

All the operations related to the profile curve are defined on the profile viewwhich is the last view
provided by our system. More precisely, users only have to draw a 2D sketch to define a new profile.
In our current implementation, only half of the curve has to be drawn and theother half is recon-
structed by symmetry. Besides, since users may want to create a 3D blobby object by only sketching
a silhouette curve, we have designed a default circular profile curve used to initialize of our system
session.

Once the profile curve has been generated, it is then sampled and the samplepoints are transferred
to the 3D view to be applied on the current selected area. If no local area of the object has been
selected, the new profile curve is applied on the whole object.

Profile Selection

This view keeps track of and manipulates the defined profiles. All the sketched profiles are saved
with the selected radial edges on which they were applied. For each profile, users have 3 choices2:
(1) the radial edges on which the profile has been applied are selected, (2) the profile is applied on
the current selected radial edges or, (3) the profile is re-applied on its defined selected radial edges to
restore a previous state. With a scribbling sketch on a profile, users simple delete it. This view is not

2the choice is currently done according to the mouse buttons, since this interface is currently designed for a desktop
workstation. It might be easily replaced by any gesture/sketch interactions for other platform
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(a) (b)

Fig. 1.9:(a) The history of profile used in the modeling session is in general hidden and only revealed window
(b) when requested.

(a) (b)

Fig. 1.10:(a) Default setting of the system with the 3D view as the principal view. (b) Swapped between
skeleton view and 3D view.

always shown since it is only useful when radial edges are selected: the view appears when selected
(cf. Figure 1.9-(b)) and is hidden as soon we leave it (cf. Figure 1.9-(a)).

Ordering the Multiple Views

Finally, it is possible to change the view layout (apart from the profile selection). Since the 3D view is
not necessarily the most important view for a specific operation, users maywant to use the skeleton or
the profile view in place of the principal view. We thus offer a straightforward sketch-based interface
to swap the position of two different views: this is done by starting a stroke in one view, and finishing
it in the other one.

1.2.5 Discussions

We have presented new techniques to improve the quality of models generatedusing sketch-based
free-form modeling systems: we have introduced a new skeleton extraction, a new scheme to create
the set of internal edges which aim is to limit the creation of tiny and uneven triangles. Indeed, better
internal edges lead to the creation of better meshes for the final object. Finally, we have presented
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how users manipulate the profile curves to create more complex objects.
For the modeling aspect, the main problem remains the transition between two profiles that is not

well-defined. Furthermore, the smoothness of the reconstruction is not guaranteed when the radial
edges are not close to orthogonal to the corresponding skeleton edge (this is also problem of the
original technique of Cherlin et al. [CSSJ05]). We need to investigate howto insure this orthogonality,
and how to find a better radial edge generation near the junction skeleton-seeds.

On the interaction side, the only validation is our own experience. Even if we believe that such an
approach could lead to more flexible modeling interactions, a user-study comparing the efficiency to
this approach to existing ones is required.

15



3D Positioning for Large displays Sketching 3D Models

1.3 3D Positioning for Large displays

Similar to our system, most of the previous ones are based on a classic 2Dpen-and-papercontext,
similar to the use of a drawing tablet. In general (e.g., [IMT99, AJ03, TZF04]), the final model is
obtained by combining different components resulting from 2D sketches ondifferent planes. How-
ever, combining these different components requires switching between 2D sketching interactions and
3D manipulations (mainly positioning and rotation). This leads to our developmentof an integrated
approach for these two modes, resulting in more comprehensible changes in-between them.

The main goal is to provide an comprehensible manipulation environment for 3Ddesign in virtual
reality centers. In these environments, several users might collaborate and share ideas for creating
3D prototypes in front of a large display. For easier interactions, we propose to use an interaction
device that provides a direct mapping between its physical orientation and the relative orientation of
a 3D object on the screen. This direct mapping guarantees that any position is easily visually and
physically recovered by any user. It leads also to the introduction of the 3D metaphor of virtual 3D
paper sheet similar to the 3D canvas introduced by Dorsey et al. [DXS+07].

1.3.1 Previous Work

One solution to the 3D positioning problem is to remove the restriction of sketchingonly 2D curves,
by providing an interaction to directly draw 3D curves with a tracked device.Lapides et al. [LSSS06]
use a tablet mounted on a support that can be translated vertically. One hand is used to draw a
2D curve on the tablet and the other one to add the third dimension by a verticaltranslation of the
tablet. Unfortunately, a good 3D visualization system is required for accurate 3D drawing; otherwise,
these approaches would result in undesired solutions due to the differences between the visualization
system and our spatial representation of a 3D world. Furthermore, thesetechniques demand acute
coordination abilities, involving both hands.

It is usually easier to have a set of reference planes [TBSR04] or surfaces [GBK+02] to draw on.
Tsang et al. [TBSR04] use a set on planes oriented along the main axes. Markosian et al. [MCCH99]
use the projection of the 3D curves on the image plane and its projection on a reference plane (called
a “shadow curve”) for inferring the 3D shape. The sequence of interactions is inverted by Gross-
man et al. [GBK+02] to extend the reference plane to a reference surface generated by the “shadow
curve”. They use a “Tape Drawing” [BFKB99] approach for curvesketching.

More recently, approaches based on multiple reference planes have been extended by
Dorsey et al. [DXS+07] for architectural design and analysis. Their system uses strokes and pla-
nar “canvases” as basic primitives like in a traditional sketchbook (one sketch for each canvas) but do
not provide true free-form models.

For an improved kinesthetic feedback, some tracked two-handed interactions have been intro-
duced. Sachs et al.[SRS91] use two Polemus-tracked devices: a palette as the reference plane and a
stylus of the sketching part. Thanks to the palette, 3D positioning of the 2D curve or 3D object is
easily achieved. Schroering et al. [SGP03] use the same approach with camera-tracked devices: a
board as reference plane and a laser pointer as a stylus. Unfortunately, as for any hand-held device,
this may be physically tiring for users. Furthermore, when multiple users are involved in the modeling
process, the direct matching between the devices and the 3D positioning is lost anytime the devices
are released, put back at their original position, or passed to another collaborator.
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Synthetic view of the CAT The real CAT and its 6 DOFs

Fig. 1.11:Presenting the CAT and all 6 DOFs. The table can be rotated along all the 3 axes. Translations are
detected by user’s pressure along the 3 axes. Note the drawing tablet mounted on the table.

1.3.2 System Overview

We introduce a virtual 3D paper sheet metaphor in our sketching system. Weassume that users draw
different sketches on different reference planes and combine them together in order to create the final
object [DXS+07]. For the combination, we extend the classical 2D desk to a 3D space.

Among the recent interaction devices, the CAT [HG04] (cf. Figure 1.11),a 6 DOFs interactor,
provides us with a solution to the problems of 3D positioning. Compared to other devices, the CAT
favors an unconstrained interaction since users do not have to hold anything. Furthermore with the
CAT, rotations are directly controlled by an isotonic sensing mode while (infinite) translations are
controlled by an isometric sensing mode. Thanks to these features, it allows intuitive manipulations
of 3D objects: the orientation of the table directly corresponds to the orientation of a plane in 3D space.
Most similar devices like the SpaceMouse or 3D Mouse do not share such convenient properties. Our
CAT-based solution may thus simplify the orientation of the reference plane required for sketching.
Furthermore, on one side, a translation is in theory an unbounded transformation and thus has to be
relative. On the other side, a rotation is bounded and thus has to be absolute. These interactions are
naturally offered by the CAT.

Moreover, a tablet fixed on the tabletop of the CAT is used for 2D interactionin our system.
To track the original plane where the 2D sketches are drawn, this tablet is directly mapped to a 3D
virtual paper sheet. Thanks to the 6 DOF available on the CAT, this virtual sheet, and thus users, is
still immersed in 3D environment. Therefore, all the interaction sequences have thus to be carefully
designed in order to use this 6 + 2 DOFs and will be described in the next section. With only one
device, we access to all the required DOFs.

Virtual 3D Paper Sheet Metaphor

A sketching system is naturally based on a paper-and-pen metaphor. With the CAT, a tablet mounted
on the top is used as a reference plane, and thus directly associated to a 3Dvirtual paper sheet. The
main problem for editing the different components of the object is thus to correctly position a set of
reference planes in 3D (similar to the canvas in the work of Dorsey et al. [DXS+07]). Two main
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A paper sheet on a desk Virtual 3D paper sheet on a large display

Fig. 1.12:Movement of a real paper sheet on a desk (left) and the corresponding mapping between the rotations
and the translations of the CAT and the movements of the virtual 3D paper sheet (right).

approaches may be used for this positioning: the traditional manipulation of thescene/object, or the
manipulation of a virtual 3D paper sheet.

For the first one, users have to position the 3D scene/object relatively to afixed 3D paper sheet.
Unfortunately, it might be difficult to map the arbitrary shape of the resulting 3D object to the planar
tabletop: the choice of how the orientation of any object is mapped to the tabletoporientation is
arbitrary without any visual cues. As an example, how can we attach a spherical object to a rectangular
tabletop?

On the CAT, the paper sheet can be directly associated with the tablet mountedon the moving
table. We thus naturally decide to use this second approach: the positioning of a reference plane in 3D.
The table orientation directly corresponds to the orientation of this 3D paper sheet (see Figure 1.12).
Users just feel as they were in front of a desk, drawing multiple sketcheson multiple paper sheets, and
assembling them together: rotations of the tablet and translations are directly interpreted as translation
and rotations of a virtual 3D paper sheet.

1.3.3 Modeling Sessions

The modeling session is generally broken down in two main steps (see Figure 1.13). During the first
one, users are moving the supporting plane relatively to the 3D scene. Once this virtual 3D paper
sheet is correctly positioned, users have to change to sketching mode. Thanks to the CAT, these two
steps are performed using a single device. When positioning the virtual 3D paper sheet relatively to
the scene, it is drawn as a transparent plane.

In positioning mode, only the virtual plane is user-controlled. The direct mapping between the
table orientation and the virtual 3D paper sheet simplifies this process.

In sketching mode, the virtual 3D paper sheet and the 3D scene are linkedtogether: any translation
or rotation of the CAT is directly applied to the scene and the virtual 3D paper sheet. This has two
main advantages. First, if the tablet is moving during the sketching session, therelative positioning
is not lost between the plane and the scene. Second, for a user point ofview, it is easier to draw with
the table in a horizontal position. This horizontal configuration is definitivelynot guaranteed after all
the rotations occurring during the positioning of the virtual 3D paper sheet.To finalize the transition
to the sketching mode, users have thus to manually rotate back in this position and– since the object
and the virtual plane are linked together – the whole scene (i.e., the 3D objectand the virtual plane) is
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3D Positioning of a virtual plane After a manual rotation back

Fig. 1.13:Positioning of the virtual 3D paper sheet. The two modeling steps (upper images) and the associated
interaction graph (lower image). During the 3D positioningmode, only the virtual plane is manipu-
lated. During the sketching mode, the scene and the virtual 3D paper sheet are linked together. After
the transition from positioning to sketching mode, users are allowed to rotate the virtual plane and
the CAT to a horizontal configuration, more comfortable for drawing.

rotated in order to move back also the virtual 3D paper sheet in a position closer to the initial one.
Note that, during the transition from the positioning mode to the sketching mode, thewhole scene

is also translated in order to move the center of the virtual 3D paper sheet atthe center of the screen.
This guarantees that, if the inverse rotation is applied to the horizontal position, the virtual 3D paper
sheet will be back in the initial orientation and also centered on the screen, ina configuration similar
to the original one (see upper-left image in Figure 1.13).

Once the silhouette has been sketched, we save its association with the reference plane. A ref-
erence plane is defined by a centerccc (the center of the silhouette) and a normalnnn (defined by the
orientation of the virtual 3D paper sheet). We store also the corresponding 2D bounding box for
display.

Editing is a bit more complex. In the ideal case, when adding a new componentto the final object,
the previous 2-step approach is sufficient. To increase the users’ freedom, and the possibility of multi-
users interaction, editing also needs to be supported. For most of the editingtasks, we need to retrieve
the supporting plane corresponding to the component that we want to modify.Once again, thanks
the CAT, this is easily done. Users move the virtual plane in the 3D scene, andwhen it coarsely
corresponds to the target plane, this one is selected. Users may thus wantto return the table to the
initial position (horizontal) and performs the 2D operations. Similarly to the modeling task, the whole
scene is translated during this change of mode, and afterward rotated if users want to move back the
virtual plane back to its original position.

The selection of the closest reference plane is done based on the plane orientation (i.e., normalnnn)
and its centerccc. To assist users in selecting the correct reference plane corresponding to the object’s
component she aims to modify, we use color cues. A color is associated to each component. This
color is used to display the reference plane and its corresponding surface (see Figure 1.14). We select
a set of perceptually different colors, excluding red, as we use this color to highlight the current closest

19



3D Positioning for Large displays Sketching 3D Models

Whole object Selecting the left component Selecting the right component

Fig. 1.14:Selection of a reference plane. In edit mode, each componenthas its own color and the selected
component is highlighted in red. We take the closest one to the center of the virtual 3D paper sheet.

1 - first sketch 2 - inferred shape 3 - second sketch 4 - inferredshape

5 - The first fin 6 - second fin 7 - the tail Resulting models

Fig. 1.15:Modeling a dolphin. The first four steps are done with nearly coplanar 3D paper sheet. During the
transition from step 4 to step 5, the CAT has been used to position the virtual plane orthogonally
to dolphin’s body, and rotated back as explained in Section 1.3.3. The steps 5, 6 and 7 are now
performed on the same plane

plane.

1.3.4 Results

To illustrate a typical modeling session with the presented approach, we review the steps involved in
creating the shape of the dolphin in Figure 1.15. Users first draw the main body of the dolphin using
two components (steps 1 to 4). To rotate the plane into a position orthogonal to the main body, the
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(a) (b) (c)

Fig. 1.16:3D positioning of a new virtual plane. Once the position of the plane is validated by users (a),
a translation to the center is applied on both the plane and the object (b). User moves back to
horizontal position.

(a) (b) (c) (d)

Fig. 1.17:Selection of an object component for edition. From the current position (a), user moves the virtual
paper sheet to select another component (b). Each componenthas its own color (red is reserved for
the selected object). Once the selection is accepted by users (c), a translation to the center is applied
on both the plane and the object (d). Users move back to horizontal position.

CAT table top has to be vertical. Once back in sketching mode, the rotation of theCAT is applied to
the virtual paper sheet and to the objects: users may want to move back the virtual paper sheet to a
nearly horizontal configuration, more comfortable for sketching.

This transition is also illustrated3 in Figure 1.16. Once the position of the virtual plane corresponds
to users’ wish, the transition to sketching mode consists in a translation of the whole scene (object and
plane) to the center of the screen. This translation allows users to quickly bring back the virtual sheet
in front of him: the only action required is the rotation back of the CAT. Duringthe whole process,
the orientation of the CAT table always corresponds to the orientation of the virtual paper sheet. This
sequence of actions is similar when it comes to select an existing component (cf. Figure 1.17).

3The images are samples of the associated video. The difference in colorbetween the upper and lower part is due to our
stereo system.
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1.4 Conclusion

Through this exploration of sketch-based free-form modeling, we haveexperimented two context-
dependent interactions: stylus for small devices or mouse for classical workstations, and special
tailored devices for large displays. In each context, we have first investigated what would be the
possible more comprehensible actions that would result in the desired shape. Based on these actions,
we have thus defined new representations and reconstruction algorithms that have to be involved: we
try to preserve comprehensible correspondences between the definedinteractions and the resulting
representations and reconstruction algorithms. Based on these assumptions, we have first developed
modeling tools for meshes using profile curves.

To ease the use of such modeling tools, and to introduce more flexibility in the modeling process,
I believe that it is important to expose comprehensibly the different steps ofthe reconstruction process
together with the underlying representation4. From the definition of user interactions, we have to first
define the underlying representation and the reconstruction process. Once this pipeline defined, we
have to expose this representation and this process with tailored user-interactions and visual cues:
users are now directly integrated into the reconstruction pipeline. Based onthis assumption, we
have developed a multi-view interface dedicated to our profile-based sketching, and to 3D positioning
interactions for sketching in front of large displays.

Our work leads to more versatile modeling tools for meshes, showing that discrete surfaces are
a viable alternative to implicit surfaces. But robustness have to be improvedin order to prevente
un-desired behavior and failures that might break the interactions between users and modeling pro-
cess. The main remaining problem in our approach is the transition between different profiles: we
have to first define what might be the generally expected result from users, and thus to create the
corresponding representation and modeling process. Currently, noneof the different proposed solu-
tions [LGS06a, LGS07b, LG07] are fully efficient.

More generally, new possible actions have to be developed in order to increase the richness of the
resulting models while preserving the intuitive aspect of sketch-based modeling. The resulting new
tools have to be embedded in one unique and intuitive framework. Painting or Shading based [GZ08]
approaches are good candidates for increasing the local shape details. Since all the existing tools are
currently dependent on the choice of the underlying 3D representation,some work must be done to
either convert them to a unified representation, probably based on discrete surfaces such as point-based
surfaces or meshes, or to allow the possible on-the-fly conversion between this unified representation
and one compatible with the modeling tool.

The results presented here are definitively not a full achievement of our research in this domain,
but represent some preliminary validations of our approach for the development of modeling tools. As
previously said, we have to work more closely on the cognitive and perception aspects of this research,
for both defining new interactions. As an example, a large range of shapemight be perceived as
similar [Hof98], leading to the following two developments: the reduction of 3D modeling constraints
for more freedom in modeling, but also, the accurate visualization of a 3D shape.

On important point is that sketching tools are hybrid solutions: 2D actions for3D modeling.
As stated in Section 1.3, full 3D interactions require either intuitive 3D devicesor a very efficient
3D rendering systems. Such rendering systems are still in development andwill not reach a full
maturity in a middle term period: work has to be done on the accuracy of such systems, based on
our perceptions of a 3D space. Moreover, a lot of 3D interactors are based on the use of 2D tablets.

4Andrew Woo, who was working at AliasWavefront as the head of the research and development team, has also claimed
in one of his talks, that no parameters have to be either hidden, or limited.
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In real world, sculpting is often assimilated to 3D modeling. Even though, most of the time, it relies
on 2D interactions on the surface to progressively remove or add some components. In conclusion, I
believe that sketching and painting in 2D for 3D actions will still remain one of themain user-friendly
approaches for 3D modeling.
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Chapter 2

Local Illumination and Shading

3D modeling is generally organized in three components: geometry, animation, and appearance (i.e.,
lighting behavior). We have shown in the previous chapter that over the years, and with an increasing
interest since the publication of Teddy [IMT99], simple sketch-based interfaces have been proposed
for geometry modeling and more recently, for animation (e.g., [TBv04]). Thisresearch in intuitive
modeling has only recently emerged for the design of lighting behavior or shading (e.g., [OMSI07,
TABI07]), but is still in its early stages.

One can first consider shading on the physical side, trying to reproduce the real behavior of a sur-
face toward incident lighting. A lot of research has been done in this domain, from empiric models of
reflectance or BRDF (Bidirectional Reflectance Function [NRH+77]) to complex acquired materials
like Bidirectional Texture Functions (BTF [DvNK97]) or reflectance fields [DHT+00]. The main goal
of most of these researches was to provide more and more accurate representations for more and more
complex and rich materials. In this chapter, we introduce a new approach for modeling BRDF that
extend the user freedom in designing lighting behaviors, from plausible to non-realistic ones.

Moreover, the appearance of an object is related to both its lighting property but also, to its geomet-
ric characteristics [VLD07]: shading participates to the shape perceptionand geometry participates
to the perception of the lighting property. To improve both shading and shapeperception, it is thus
important to correctly analyze the shape characteristics. The result of such an analysis would help in
providing users with intuitive tools to control the relation between shape features and shading. In this
chapter, we introduce a new shape descriptor called Apparent Relief, and its application to a collection
of non-photorealistic styles.

The content of this chapter has been validated by the following publications:[PGSP08, VBGS08a,
VBGS08b]
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(a) (b) (c)

Fig. 2.1:Three different styles of highlight obtained with different systems. (a) BRDF-Shop physic-based
highlight, (b) Anjyo [AWB06] cartoon-based highlight, and (c) example of highlight obtained with
our system.

2.1 User-Designed Glossy and Specular BRDF

Over all possible lighting effects, some of the most noticeable are specular highlights: they play an
important role in the final appearance of an object, providing users with convincing materials. Unfor-
tunately, a highlight is controlled by the lobe of specular or glossy BRDFs, and it is thus a complex 4D
function that depends on both light and view directions. Therefore, in a creative and artistic context,
edition and creation of plausible BRDF are still challenging tasks. Currently,most systems rely on
the selection over pre-defined shading models (such as Phong shading)and the modification of their
intrinsic parameters: the users’ choice and freedom is thus limited. Recent approaches extend the
modeling freedom by using a painting approach: users create and edit BRDFs by painting (cf. Fig-
ure 2.1-(a)) the expected result on a sphere [CPK06]. This approach is still limited by the underlying
analytical models.

We thus develop an intuitive and flexible system for BRDF design. Our system allows users to
specify interactively through sketching, painting, and manipulation of vector data, the lobe’s shape
and its color gradient. With our new modeling tools, users can create a wide variety of appearances.
Thanks to the simple underlying model, our approach can provide real-time feedback and interactive
rendering. These results are due to our two main contributions:
◦ we providenew sketching and painting toolsassociated with gradient edition in order to define

easily different BRDF’s lobe characteristics, such as their shape and color variations.
◦ we introduce anew BRDF modelbased on a curve as a global shape representation for its lobe,

and a texture for its color and refined shape description.

2.1.1 Previous Work

In Computer Graphics, one of the common ways to represent surface appearance is to use a BRDF
(Bidirectional Reflectance Distribution Function). However, its specificationrelies on a non-intuitive
choice by an artist of a pre-defined model (e.g., [Pho75, Bli77, CT82, HTSG91, War92, Sch94a]), and
an adjustment of its parameters that can have a non-uniform perceptual behavior. For an improved
selection of the expected appearance, Ngan et al. [NDM06] introduceda perceptually uniform navi-
gation in a space defined by the different models and their parameters. On the edition side and once
a given model has been selected, Ben-Artzi et al. [BAOR06] proposed to project it into a given basis
and to factorize it in a set of 1D curves that can be edited directly, even under complex illumination.
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However, even if these solutions provide users with improved selection andedition tools of predefined
BRDFs, they do not allow the creation of more freely designed ones.

To increase modeling freedom, Colbert et al. [CPK06] develop Poulin andFournier’s work [PF95]
by proposing a painting interface. In their tool, calledBRDF-Shop, different “painting” operations are
introduced for the design of highlights. The resulting BRDF is approximated by a sum of Ward
lobes [War92], but other lobe models can be used for this fitting process [NDM05]. Their approach
does not guarantee that the painted highlights correspond to a reasonable fit because an arbitrary
choice on the underlying analytical model has been done, a non-linear fitting does not guarantee to
reach the best approximation, and a large number of lobes can be required. An improved fitting
process or an increasing number of lobes will thus result in reduced interactivity. In contrast, Edwards
et al. [EBJ+06], extending the work of Ashikhmin et al. [APS00], create a unique lobeby designing
a probability distribution function of normals. A similar indirect control has been proposed also by
Neumann et al. [NNSK99], where the shape of a lobe is defined on the tangent plane of the surface.
Generally, the main control on BRDF is done indirectly by designing a micro-geometry [WAT92,
Sta99, APS00] or a similar bump-map [CMS87]. Unfortunately, these indirect controls can be non-
intuitive.

By removing constraints on realism, more freedom is provided to users in highlight design in a
non-photorealistic context. One of the first solutions, based also on a painting metaphor, is theLit
Sphere[SMGG01] by Sloan et al.. In their approach, the painted appearance on asphere, for given
viewpoint and light direction, is used as a texture projected on 3D surface, taking into account the
similarity of the configuration between the viewpoint and the normal. Therefore their approach is
only possible for a fixed lighting direction. Recently, Okabe et al. [OMSI07] directly painted the
lighting on a 3D surface. From this input, a 3D environment map is constructedand used as light
source, but no control on BRDFs can be provided. Anjyo et al. [AWB06] tweaked the shape of a
highlight in cartoon-like (cf. Figure 2.1b) shading. However they do notreally edit the BRDF: they
locally move, scale, split, and merge the light sources in order to obtain the requested shape which is
the only editable parameter. Smoothness, glossiness, and color variations are not taken into account.
Similarly, Todo et al. [TABI07] remove or add some highlights in toon shading,using offset texture
defined for light key-directions. Unfortunately, this solution is limited to stylizedshading.

Of all the previous solutions, the most closely related to sketching is the work of Pellacini and
Lawrence [PL07]: they use strokes to select different areas of a BTF to interactively modify materials.
In our approach, we also want to provide users with a fully interactive edition, but for the design
of BRDFs. For user friendliness, our solution is based on sketching andpainting metaphors. For
efficiency and interactivity reasons, we directly manipulate the shape and colors of BRDF’s lobe.

Overview

As illustrated in Figure 2.2, our approach is based on the direct edition of features of BRDF’s lobe,
displayed on a plane oriented perpendicularly to the light mirror directionrrr. On this plane, the artist
changes the shape of BRDF’s lobe and color-gradient with 2D editing tools. Consequently, the lobe
features are defined for a given lightkey-direction lll , similar to the solution of Todo et al. [TABI07].
The set of lobe features associated with a light key-direction is called alighting configuration . A typ-
ical workflow in our system is firstly to define the lobe characteristics with our2D tools (first shape,
then color and gradient, as shown in Figure 2.4), and secondly to observe the behavior of resulting
highlight for different light or view directions. By default, our system replicates the same lobe fea-
tures for all lighting configurations. However, users can edit them for adefined light direction. For
undefined ones, our system smoothly interpolates every lobe features to ensure a coherent behavior.
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Fig. 2.2:Sketching plane. Users sketch the shape of BRDF’s lobe and paint its color on a Sketching Plane
oriented perpendicularly to the light mirror directionrrr.

Fig. 2.3:User interface main view.

Furthermore, at any time our system provides real-time feedback to users’editing actions.

2.1.2 User-Controls

To provide intuitive tools for BRDF modeling, we rely on three different interaction approaches
adapted for each modeling action. For simplicity of use, each interaction is associated with one spe-
cific screen area (cf. Figure 2.3). As illustrated in Figure 2.4, users cansketch the shape of BRDF’s
lobe, paint its color or edit its gradient with vector tools.

Sketching has been recognized as an efficient tool to define a global shape. Therefore, we rely on
this approach to modify the shape of BRDF’s lobe. Through sketched strokes in a specialized area
(cf. Figure 2.3-(c)), users select part of or the whole lobe shape (cf. Figure 2.4-(a)). Once selected,
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(a) (b) (c) (d)

Fig. 2.4:(a) The external curve represents users’ selection sketch.(b) The cyan curve represents users’ sketch
whereas the blue one represents the fitting result. (c) A user-defined color gradient. (d) Sketching
Plane view that displays the resulting highlight when applying (b) and (c).

a new target curve is drawn. A fitting process then approximates the sketch(cf. Figure 2.4-(b)) using
the underlying representation of curves (defined in Section 2.1.3). This sketch-based definition of the
shape also controls the highlight shininess: the smaller the shape is, the shinier the highlight is. To
increase the shininess, users have simply to scale down the curve.

To define color variations and gradients, painting is the most suited approach. Users thus use a set
of brush and gradient tools to refine the lobe shape and to control its colorbehavior. Brushes allow
users to edit the color while the filters let her adjust the intensity. This is also done in specialized
areas, one for the gradient manipulation (cf. Figures 2.3-(b) and 2.4-(c)), one for a precise edition
on the final results (cf. Figures 2.3-(a) and 2.4-(d)). The combination of the shape and the gradient
texture is explained in Section 2.1.3. If the embedded tools are not sufficient,an experimented artist
can load an image created with any other image manipulation software.

For an interactive modeling system, real-time feedback is crucial. Thanks to our representation
based on a unique lobe defined with a simple curve and a texture (see Section2.1.3); each modification
is directly viewed on a selected 3D model (cf. Figure 2.3-(d)). Since the highlight depends both on
the light and on the view directions we provide also users a visual representation of the current light
key-direction (cf. Figure 2.3-(e)). Furthermore, users can select apart of the 3D object to retrieve local
parameters, such as the most important light configuration or the highlight color and shape. Although
this is not a 3D painting interface, it greatly facilitates the users’ work when itcomes to modifying
precisely parts of the highlight.

2.1.3 BRDF Model

For each lighting configuration, a distance field defined by a curve represents the lobe shape and a
texture represents its colors and intensity.

Lobe Shape

We define the lobe shape as a curve, the size of which controls the highlightshininess. The key idea
here is to use this curve as the outline for the whole lobe. Outside of this curve, the reflected intensity
is null, whereas inside the intensity is modulated by a color texture. In order to fill the shape, our
representation should allow a simple and intuitive access to the color texture. Furthermore, we also
need a representation that can be easily interpolated between light key-directions. This is required for
the reconstruction of lobe shape for unspecified light directions.
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(a) (b)

Fig. 2.5:(a) Thexxx andyyy directions constitute the Sketching Plane local frame. They are computed according
to the light mirror directionrrr and the geometry local tangentttt. To compute the reflected intensity,
we project the view directionvvv on the Sketching Plane. (b) The distance fieldd(ρ,θ) defined by the
polar curve parameterizes the Sketching Plane.

Therefore, we use the spline-based polar curve proposed by Crespin et al. [CBS96]. Each control
point for the curve is located by an angleθ and is defined by its radiusρ, and its left and right tangents.
These parameters (radius and tangents) are easily interpolated. Furthermore, this curve representation
enables the definition of a distance fieldd(ρ,θ) that starts from the center of the Sketching Plane (cf.
Figure 2.5-(b)). This distance field is then used to fill the shape with a color texture.

Texture Definition

The color texture represents the reflected color and intensity inside the shape. Therefore, black texels
indicate areas where the reflected intensity is null. This allows a refinement ofthe curve-defined
shape. Furthermore, by controlling the intensity gradient, we control the highlight glossiness.

Two parameterizations (polar or Cartesian) are used for texture lookup.We found it easier to
work with polar coordinates when the texture is used to define a simple color gradient, and Cartesian
coordinates for more generic textures, such as those created using painting tools. When using the
polar parameterization (cf. Figure 2.4), the horizontal axis of the texture color component represents
the angular variation whereas the vertical axis represents the radial one.

Since the color texture is enclosed by the star-shape polar curve one, wecan also use it to define
more complex shapes. To further ease this process, we separate, as it isdone in common painting
software, the color texture into two multiplicative layers. One layer stores the reflection color and the
other stores the reflection intensity as gray level (cf. Figures 2.9 and 2.10).
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Parameterization

Finally, we need to define the parametersρ andθ as functions of the view and light directions:











ρ = Tvvvrrr

cosθ = Tvvvxxx

sinθ = Tvvvyyy

(2.1)

whereT denotes the transpose operator,rrr the light mirror direction, andvvv the view direction. The
directionsxxx andyyy are defined as follows:

{

xxx = ttt×rrr

yyy = rrr×xxx
(2.2)

where× denotes the cross product, andttt the local geometry tangent (cf. Figure 2.5-(a)). With polar
coordinates, to access the color texture, the system uses the following(u,v) texture coordinates:











u =
ρ

1−d(ρ,θ)

v =
θ
2π

. (2.3)

To summarize, for a given light direction, the system smoothly interpolates a distance fieldd(ρ,θ)
and a color texture that are both used and accessed, at rendering time, according to the current view
direction.

Implementation

We only use the CPU to perform the least-square fitting of the polar curve. To achieve interactive
feedback, we rely on current graphics hardware capabilities usingOpenGL Shading Language.

The shape of the BRDF’s lobe is stored as a floating 3D texture. A slice of the3D texture contains
parameters (radius and tangents) of one curve’s control point for each lighting configuration. The
number of slices is the number of control points of the polar curve. Therefore, a slice parameterizes a
spherical triangle representing all possible lighting configurations. We pack every color texture (one
for each lighting configuration) into a single texture array (ARB_texture_array extension).

In practice we use between 20 and 60 control points with 3 different lighting configurations, thus
requiring less than 40 KB to store all the features (shape + color). Therefore, our representation is a
very low-consumption memory solution and one may use it to store many different shaders on GPU
resident memory.

2.1.4 Results

We perform all the experiments on an Intel Core 2 Duo T7500 CPU workstation with a GeForce 8600
M GT. For a rendering resolution of 1280×1024 and an object complexity of 35 000 triangles, we
report a frame-rate of 60 frames per second. On the interaction side, each action leads to an update
of the interface in less than 100 milliseconds. Through all the results, keep inmind that the final
appearance results from the combination of diffuse and highlight colors.For these results, we focus
on illustrating the large range of possible glossy BRDFs, with quite complex andoften non plausible
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resulting highlight lobe shape reflected color

Fig. 2.6:A more complex model. Note the color variation and the highlight shape deformed by the curved
geometry.

shapes. Note that, as illustrated in Figures 2.7 and 2.8, we can also create more easily plausible
BRDFs, using simple shapes and realistic color of its lobe.

Figure 2.7 shows a scenario where users sketch a trefoil-like shape with different sizes and gra-
dients for each light key-direction (cf. Figure 2.7(d)). For the normal incidence direction, the color
texture is a green gradient; at tangent (resp. bitangent) incidence, the color texture is a blue (resp. red)
gradient. As demonstrated in Figures 2.7(b) and (c), when the light shifts toward the tangent (resp. bi-
tangent), the highlight becomes more blue (resp. red). The yellow color in Figure 2.7(c) comes when
interpolating between the red and green colors stored for two lighting key-directions. This explains
why the upper part of the sphere, where light configurations for normal and bitangent key-directions
have equal importance, is yellower while the lower part of it, where the configuration for bitangent
direction is more important, appears redder. Users can sketch more complexshapes, such as the one
presented in Figure 2.6. Contrary to the previous example, painting tools were used to create a more
complex color texture. For both previous examples, our system uses polarcoordinates for texture
look-up.

With a similar approach, users can create complex appearances, close to realistic ones, such as
the dispersion-like effect of Figure 2.8. Our previous model, based on approximations of physical
behaviors [GH03], provides users with complex and un-intuitive controls. Based on his experience
of Diffraction Shader[Sta99], Jos Stam has also introduced a simplified version for a GPU imple-
mentation [Sta04]. Even simpler, the physically-based parameters reduce user freedom. With our
new representation and user controls, a similar effect is simply done by creating two different color
textures (using Cartesian coordinates) and two different shapes (cf.Figure 2.8(d)). For the lighting
configuration at normal incidence, the texture is a white gradient, where for grazing configurations, it
is a rectangular rainbow gradient. Furthermore, a circular shape is usedfor the normal incident light
key-direction and a rectangular shape for the others.

The two layers of the color texture can be used to refine the star shape created with the sketched
curve (cf. Figures 2.9 and 2.10). We model the BRDF’s lobe of Figure 2.9with a smiley bitmap
texture (cf. upper right corner of Figure 2.10). As explained earlier,points of the sketching plane
falling outside the bitmap texture are not shaded (i.e., the reflected intensity is null). Since the color
texture is enclosed in the polar curve shape, it can be deformed to achievenew effects, like the unhappy
smiley of Figure 2.9-(b). Finally, Figure 2.10 shows an example with more complex color texture. The
color layer is filled according to the lighting configuration, whereas the intensitylayer, which contains
the shape, remains constant (cf. Figure 2.10-(d)).

32



Local Illumination and Shading User-Designed Glossy and Specular BRDF

(a) (b) (c) (d)

Fig. 2.7:Light key-directions illustration. The highlight color and size is set according to the light direction.
When the light direction is collinear with the geometry normal (a), the highlight exhibits a green color,
whereas when the light shifts toward the tangent (b) (resp. bitangent (c)), the highlight becomes more
blue (resp. red). For configurations (b) and (c), the highlight size is larger than for (a) to increase the
color-shift effect.

(a) (b) (c) (d)

Fig. 2.8:Dispersion example. (a)-(c) The highlight exhibits a dispersion behavior according to the light direc-
tion. Top (resp. bottom) row of (d) shows the color and shape configuration for the configuration at
normal (resp. grazing) incidence..

(a) (b)

Fig. 2.9:Bitmap deformation example. (a) The initial shape of BRDF’slobe, generated with a smiley-like
bitmap texture, is changed to (b) an unhappy smiley by modifying the shape curve.
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(a) (b) (c) (d)

Fig. 2.10:(a)-(c) Highlight rendered under different light directions. (d) The first (resp. second and third) row
shows the lighting configuration when the light is collinearwith the geometry normal (resp. tangent
and bitangent). All configurations use a circular shape.

2.1.5 Limitations and Possible Extensions

Our system and its BRDF representation are only a first step and some limitationsremain. First,
since the painted and sketched features are projected from the sketchingplane on the surface, which
is not necessarily planar, some shape deformation can occur. However, our system allows changes
and adjustments of the shape in real time, such that users may compensate forthis deformation. This
was done, for example, in Figures 2.9(a) and (b) to compensate the vase curvature. Even though our
curve-based representation ensures a smooth interpolation between different shapes, some interpola-
tion artefacts may occur when using complex color textures (as in Figure 2.10). This limitation is
related to the unsolved general problem on how to morph smoothly between twoarbitrarily different
images. Third, remember that our system models a BRDF’s lobe expressed as a function of the view
and light directions. However, these directions are parameterized according to the local geometry
normal. Therefore, a complex surface with many normal variations exhibits many highlights but not
necessarily on a large area. This explains why highlights in Figures 2.8 and2.9 on the upper edge of
the vase are almost indistinguishable.

Although it might still be complex to design a BRDF from 2D sketches and paintings rather
than directly paint it on the object, we think that this drawback is compensated by our interactive
feedback and our visual hints. Finally, even though we show examples withonly three different
lighting configurations, one may use more lighting configurations (within hardware limits). However,
we found, through empirical testing, that increasing the number of lighting configurations increases
the BRDF design complexity for the artist.

Future Work

We have introduced a new system based on sketching and painting metaphors for BRDF design. A
lobe of our BRDF is represented with a polar curve for its shape and a texture for its color gradi-
ent and for precise shape enhancement. Our simple and compact representation, suitable for hard-
ware rendering, allows real-time edition of BRDFs, which can be various and span from realistic to
non-photorealistic appearance. Our tools and representation also provide more editing and creative
freedom than previous approaches. I believe that our solution is more intuitive for BRDF control in
highlight design.

Our upcoming work follows two streams. First I would like to extend it as a full 3D painting and
sketching interface where users can draw directly the appearance forsimple and complex illumina-
tions. I believe that this would be possible with the same parameterization, but a new representation,
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like a pure image-based representation using higher-dimensional texture or using multiple 2D textures
as in the homomorphic factorization [KM99]. In the restricted context on realistic or plausible BRFD,
I also believe that such an image-based representation is well-suited: by initializing the representation
with a user-chosen model, and by converting in minimal changes that fit user-painted modifications,
the original plausible behavior might be preserved. In general, furtherinvestigations have to be done
to define new BRDFs models that can accurately represent physical behaviors while still providing
users the possibility to extend the range of possible lighting to more creative ones.

Second, new tools and a new highlight model with spatially varying propertieshave to be devel-
oped to help users to control highlights on highly detailed geometry. In the next section, we investigate
a first approach to provide users with a detailed description of the geometricdetails in order to either
preserve them into different shadings or, more important in the current context, provide users with a
possibility to select shading model according to selected geometric features.
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2.2 Shape Depiction through Expressive Shading

As seen in the previous Section, the final appearance of an object doesnot only depend on the defi-
nition of its shading property, and also on the underlying geometry. As seenin Figures 2.6 and 2.8,
multiple highlights occurs on the top of the vase due to denser geometric details than for the rest
of the vase. Moreover, our perception of reflection properties also highly depend on the local shape
features [VLD07]. For a user’s point of view, it would be convenientto be able to locally adjust
the shading parameters according to the local shape characteristics. On the other side, these local
modifications on shading can also help in improving or reducing local shape depiction, since shape
information is perceptually conveyed by its shading.

Shape depiction is an important dimension of image creation for a variety of reasons. In scientific
illustration, shape depiction techniques are used to remove possible ambiguitiesin visual interpreta-
tion. They are often seen as processes that highlight the most salient characteristics of an object’s
shape. This is often done at the expense of other details which are removed because they are irrele-
vant to the information the image is supposed to convey [Woo94]. In paintingsand drawings, shape
depiction techniques may be used in more subtle ways, and for other purposes. For example, they
might help understand relationships between characters and background; clarify a representation that
makes use of drastically simple shading rules; or even portray hidden portions of surfaces like in
cubist paintings.

Providing an intuitive and efficient control over the depiction of 3D objects’ shape in Computer
Graphics is thus of primary importance. Many previous approaches focus on a single body of tech-
niques: line-based rendering. The goal of such techniques is to generate someshape cuesto depict the
essential characteristics of an object that correspond toshape discontinuities. For instance, contour
lines may represent discontinuities of depth, curvature, orientation, object IDs, etc... Line-based tech-
niques have been used in a variety of applications, from architecture to video games. They represent
only a subset of shape depiction techniques though. In particular, many artists rather depict an object’s
shape through shading: as an example they may use gradients, which are other kinds of shape cues
that correspond tocontinuousvariations on the shape. Some reasons for the choice of such a style
are that it allows the artist to convey more subtle information about shape, and that it is integrated
seamlessly into conventional lighting [Hog91].

Previous methods often imitated traditional illustrations to depict shape through shading (e.g., by
creating artificial light sources that indirectly convey shape information);unfortunately, such methods
quickly become cumbersome to manipulate in practice. For this reason, we rather take the approach
of directly extracting and manipulating information issued from shape analysis. The main issue is that
this information can no longer be defined by sharpdiscontinuitiesas in line-based rendering, because
when integrated into shading, they would have little influence. Instead, we seek a set ofcontinuous
values that have to be defined for each pixel of an image. The goal of expressing them directly
from the 3D data that defines object’s shape would be rather complex. Therefore, an intermediate
representation, that we call a shape descriptor, is needed to assist users.

We thus introduce a view-dependent and continuous shape descriptor called Apparent Relief,
from which shape features are easily extracted, and which gives rise tostylized shading-based shape
depictions. By construction, it naturally leads toautomaticLevels-of-Detail effects: when the object
gets closer or farther from the point of view, finer or coarser shape features are revealed respectively.
This approach runs in real-time on modern graphics hardware, and is alsosimple to implement. We
illustrate its potential using four shading styles: cel shading, cartoon shading, minimal shading, and
exaggerated shading.
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2.2.1 Previous Work

Many previous approaches focus on line-based renderings to depictshape in a non-photorealistic
way. A conventional method consists in analyzing differential geometry to identify maxima and
minima of curvature (i.e., third-order discontinuities), such as ridges and valleys [OBS04]. Other
techniques take the point of view into account to extract either silhouettes [Her99] or suggestive con-
tours [DFRS03, DFR04, DR07], which extend and anticipate silhouettes. Aline-based rendering can
also be obtained from pure image-space attributes. As examples of attributesare discontinuities of
depth, object IDs [ST90, Her99], or directions of normal vectors [Dec96, ND05].

With object-space techniques, contour lines are explicitly extracted as vector primitives, hence
opening their rendering to stylization. Their stylization is not a trivial process though, astemporally
coherentstylization is a complex task [KDMF03]. Moreover, the number and location oflines need to
be adapted based on the viewing distance [BTS05], a process similar to the creation of Levels of Detail
(LODs). Some solutions work by using geometry simplification as a pre-process [JNLM05, NJLM05],
but there is currently no method to deal with this issue dynamically. Image-based methods avoid
the need for geometry simplification, and are thus naturally adapted to LODs: as the number and
location of extracted lines directly depend on the projected size of the 3D object, LODs are managed
automatically. On the other hand, since lines are only identified as pixels, they do not have direct
access to object-space attributes such as surface convexity, and are not easily stylized. Our approach
combines advantages of object- and image-space techniques.

Recently, a new method calledApparent Ridges[JDA07] has been introduced to provide a gener-
alization to previous line-based rendering techniques. It relies on the ideathat apparent object-space
contour lines should be extracted by tracking the discontinuities of a view-dependent shape descriptor.
In the case of line-based shape depiction, apparent ridges provide quite convincing results. However,
they cannot be directly employed to fulfill our goal of shading-based shape depiction: they do not
provide continuous shape information, are ill-defined at silhouettes and require further specific LOD
mechanisms depending on the viewing distance. This work inspired ours though, and we give com-
parisons with Apparent Ridges in Section 2.2.1.

Another approach to shape depiction is to rely on a notion ofaccessibility. The original acces-
sibility shading method [Mil94] relies on a geometric shape descriptor: accessibility is defined as
the maximum radius of a sphere touching the point of interest without intersecting other portions
of the surface. Another descriptor has gained a lot of interest with the so-called ambient occlusion
technique [ZIK98]: in this case, the portion of visible hemisphere characterizes its accessibility. Un-
fortunately, the resulting shape cues only consist in scalar values at each point which brings only
information of deep concavities. Moreover, both accessibility methods usually demand large precom-
putation times, and the interactive solutions for ambient occlusion are not robust [Mit07].

Many NPR shading techniques have also been introduced in previous work(e.g., [GSG+99,
BTM06]). However, none of them proposed to depict object shape explicitly (i.e., users have no
direct control over shape cues). Moreover, they are often restricted to specific styles. Other ap-
proaches rather modify lighting [LH06, RBD06], as is the case of exaggerated shading: the idea is
to locally adjust the light direction over different areas of a surface, revealing details usually only
seen in places where light reaches a grazing angle. The method does notexplicitly extract a shape
descriptor though, so that the control on users’ side is restricted to the exaggeration of any detail on
the surface, and stylization is limited to tone variations. In contrast, our approach allows to directly
manipulate shape information through a view-dependent shape descriptor, which in turn allows us to
control exaggerated shading more intuitively.
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Overview: Shape Descriptors

(a) (b) (c) (d)

Fig. 2.11:Shape descriptor domain: In (a) we show the color code used throughout the figures of the paper to
visualize our shape descriptor: planes are in white, caps (in yellow) and cups (in pink) are located
around the symmetry axis, and saddles (in blue) separate convex (in green) from concave regions (in
red). As shown in (b), the axes of the parameter space correspond to principal curvaturesk1 andk2,
where our shape descriptorSSScorresponds to a vector. Its length represents the surface curvedness
and its direction its convexity as shown in (c). In (d), we show an example of Apparent Relief Map
(ARM). Using this texture, shape features are easily selected: here, surface points corresponding to
planar- and saddle-like regions are filtered out, as explained in Section 2.2.5.

Our solution to shading-based shape depiction is to manipulate continuous information through
a shape descriptor inspired from the work of Koenderink and van Doorn [Kv92]: for each pixel, we
extract a descriptorSSS, which corresponds to a vector in the shape descriptor domain of Figure 2.11-
(a). Its direction gives information about surface convexity (cf. Figure 2.11-(b) and (c)), while its
length gives information about surface curvedness (cf. Figure 2.11-(c)). Users are then able to select
specific shape features via a dedicated texture as the one shown in Figure2.11-(d): this texture map a
continuous and scalar weight for each characteristic value of the descriptor. In Figure 2.11-(d), planar
and saddle-like regions of the surface are filtered out.

However, ourApparent Relief Descriptordiffers from the one defined in [Kv92] as it makes use
of two sets of shape attributes:First, convexity information is directly computed in object space using
differential geometry;Second, curvedness information is computed in image-space, incorporating
view-dependency and LOD functionalities. The entire process is depictedin Figure 2.12.

(a) (b) (c) (d)

Fig. 2.12:Extracting the Apparent Relief Descriptor: Given an input 3D object (a), we first analyze object-
space shape attributes to extract convexity information (b). Then we extract curvedness information
from normal variations in image-space (c) and combine both sources in a single shape descriptor:
the Apparent Relief (d) - see Figure 2.11-(a) for color code.Note the automatic LODs obtained
thanks to image-space measurements in the rightmost image.
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2.2.2 Object-Space Information

The shape descriptor of Koenderink and van Doorn [Kv92] describes an arbitrary 3D surface at any
point. The intuition behind it is given in Figure 2.11-(a): the axes correspond to principal curvatures
k1 and k2, so that any surface point can be assigned a shape vectorSSS in such a shape descriptor
domain. Note thatk1 and k2 are considered to be in the unit range[−1,1], which requires some
normalization step, detailed below. The shape vector is conveniently definedby its directionDDD which
corresponds to convexity information, and its lengthL, which corresponds to curvedness information.
GivenKKK = (k1,k2), they are given byDDD = KKK/|KKK| andL = |KKK|/2. Note the symmetry around the first
diagonal in Figure 2.11: this is due to the arbitrary assignment ofk1 andk2 (the axis of symmetry
corresponding tok1 = k2). Note also thatDDD is undefined for|KKK| = 0. It corresponds to the center of
the shape descriptor domain, and only occurs in locally planar regions on the surface (we will come
back to this singularity in following sections).

The most straightforward approach is to compute the shape descriptor at each point of the surface.
However, we must first remap each of the principal curvaturesk1 andk2 to the unit range[−1,1]. To
this end, we use a hyperbolic tangent as a scaling function

Sα(x) = tanh

(

x
K
α

)

, with K = tanh−1
(

2B−2
2B−1

)

.

In this function,B controls the precision in number of bits (we useB = 8). This function remaps the
curvedness range[−α ,α ] to ]−1,1[, since for each|x|> α , Sα(x) will be rounded to 1.

There is an important limitation to this straightforward use ofSSSthough: it does not consider view-
dependency at all, for instance leaving out most of the information aroundsilhouettes. Note that
the view-dependent curvature operator introduced in [JDA07] cannot be used to deal with this issue,
as the corresponding principal curvature directions are not orthogonal, a requirement for the use of
Koenderink’s shape descriptor.

Our solution to this problem of view-dependency is to define a hybrid shapedescriptor combining
object-space and image-space attributes. More precisely, the main idea is to directly compute the
shape vector’s directionDDD in object-space, while deferring the computation of its lengthL to image-
space. This approach is somehow similar to the method used in [JDA07], as they also use pure
object-space attributes to discriminate between ridges and valleys in the very end of their pipeline.
Our approach is quite different though, as we compute a richer convexityinformation (not only a
binary “ridge or valley” flag), and for every visible surface point (not only onto discontinuities).

In practice, we compute a curvature tensor for each vertex of a triangle mesh using the algorithm
in [Rus04]. To ensure that curvatures are continuously interpolated per pixel on the GPU, we sort
curvatures according tok1 ≥ k2. Thanks to the symmetry axis, only the lower-right triangular area
of the shape descriptor domain has to be considered. However, note thatin general,k1 andk2 do not
respectively correspond to maximum and minimum curvatures.

At this stage,DDD is computed independently for every pixel in the picture, so that sharp transitions
of DDD values may happen in image-space (e.g., between convex and concave regions). It occurs most
notably around silhouettes. We wish to avoid such discontinuities, and provide a smooth transition
between regions of different convexity information: for instance, we wish to create a saddle at the
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T-junction between a ridge and a valley. This can be easily done by integrating principal curvatures in
small neighborhoods in image-space: using a smooth integration kernel, we create transitions which
vary smoothly in the shape descriptor domain. To this end, for a given pixel(x,y) in the image-plane,
we apply a Gaussian blur tok1(x,y) andk2(x,y):

ks
1(x,y) = k1(x,y)⊗g(x,y,σ)

ks
2(x,y) = k2(x,y)⊗g(x,y,σ)

whereσ is a scale parameter that controls the amount of blurring. Thanks to the separability of the
Gaussian kernel (g(x,y,σ) = g(x,σ)g(y,σ)), the whole process can be efficiently performed on mod-
ern graphics hardware using two rendering passes in pixel shaders.Given a pair of smooth curvatures
ks

1 andks
2, we computeDDD, and then proceed to the extraction ofL in image-space.

2.2.3 Image-Space Information

We now need to determine the view-dependent curvedness information of our shape descriptor. An-
other goal is to provide automatic LODs, so that when the object gets closer or farther from the point
of view, the shape descriptor will reveal finer or coarser shape detailsrespectively. Our approach is
to compute curvedness as the amount of variation across normals in a pixel neighborhood. An impor-
tant observation is that the variation of normals cannot be accurately computed by only using a scalar
function. For instance, one could imagine computing derivatives of surface slant for this purpose,
defined as the dot product between the normal and view vector. Unfortunately, this will miss many
salient shape features such as the front facing edge of a cube for instance (see Figure 2.13 for a more
complex example).

The intuition behind our solution is thus to compute curvedness informationbothalong thexxx and
yyy axis of the picture plane, and combine them to getL, so that the most prominent shape features are
identified in the end. More precisely, we are interested in the variation in normals along each of the
picture plane dimensions that is, derivatives of the two first coordinatesn1 andn2 of normals after they
have been transformed to camera space. As our goal is to extract continuous curvedness information,
we compute such a derivative not by considering an infinitesimal neighborhood, but by differentiating
in an extended neighborhood. To this end, we convolve each of the normal coordinate images with
Gaussian derivatives:

∇∇∇n1(x,y) =

[

n1(x,y)⊗gx(x,y,σ)
n1(x,y)⊗gy(x,y,σ)

]

∇∇∇n2(x,y) =

[

n2(x,y)⊗gx(x,y,σ)
n2(x,y)⊗gy(x,y,σ)

]

wheregx(x,y,σ) andgy(x,y,σ) correspond to Gaussian derivative kernels in thexxx andyyy directions
respectively, andσ determines the scale at which differentiation is performed (see [tHR03] forfur-
ther details). In practice, we again make use of the separability of the Gaussian derivative operator
(gx(x,y,σ) = g′(x,σ)g(y,σ) andgy(x,y,σ) = g(x,σ)g′(y,σ)).

The last step needed to obtainL from normal variations is to combine∇∇∇n1 and∇∇∇n2. We take
inspiration from previous work that faced the general problem of computing the gradient of a multi-
valued image. In the work of Di Zenzo [Zen86], a general solution is presented, that has been used for
instance to compute color gradients from(∇∇∇R,∇∇∇G,∇∇∇B) color triplets. We apply it to our normal vari-
ations(∇∇∇n1,∇∇∇n1), and describe the process in the following. The method first computes directional

40



Local Illumination and Shading Shape Depiction through ExpressiveShading

(a) (b)

Fig. 2.13:Comparison of curvedness computations: (a) only
using the gradient of surface slant for curvedness
misses many salient shape features. (b) In contrast,
our curvedness attribute takes into account the entire
set of shape features.

Fig. 2.14:Levels-of-detail effects: Varying
scale per pixel provides a way to
easily create LODs. In this exam-
ple, we focus on the raptor’s front
leg, but any spatial function may
actually be used.

gradients in vector space:

∇∇∇nx =

[

T(∇∇∇n1)xxx
T(∇∇∇n2)xxx

]

and∇∇∇ny =

[

T(∇∇∇n1)yyy
T(∇∇∇n2)yyy

]

,

whereT denotes the transpose operator. Then, it builds the symmetric tensor field NNN defined by

NNN =

[

N11 N12

N21 N22

]

=

[

T(∇∇∇nx)∇∇∇nx
T(∇∇∇nx)∇∇∇ny

T(∇∇∇ny)∇∇∇nx
T(∇∇∇ny)∇∇∇ny

]

.

In [Zen86], it is shown that the combined gradient corresponds to the maximum absolute eigenvalue
of NNN. We thus perform a Principal Component Analysis and setL equal to the computed maximum
absolute eigenvalue.

The resulting curvedness attribute identifies the most salient shape features of the depicted object,
including the ones missed using a derivative of surface slant (see Figure 2.13 for a comparison).

2.2.4 Combining Measures

In previous sections, we explained how to extractDDD andL at a given scaleσ . The reason for using
the same scale for both measures is to ensure that the convexity information revealed in smoothly
varying curvedness areas is similarly smooth. We must also take care when|KKK| = 0 causingDDD to be
undefined. This is not an issue as long asL = 0, therefore we impose it as a constraint whereverDDD is
undefined. In practice we use a smooth transition fromL to |KKK| near|KKK|= 0 to avoid discontinuities.
The resulting vectorSSS= LDDD is our Apparent Relief Descriptor (see Figure 2.12).

In addition, the scale parameter may be used to control the spatial smoothnessof our descriptor.
We provide two different approaches: it may be set globally for the wholeimage, and controlled by
users; or it may be varied spatially per pixel using an arbitrary function such as depth or a point of
focus around the mouse (see Figure 2.14). To implement the spatially-varying approach, one need
to computeL at multiple scales and combine them linearly, which is easily done on modern graphics
hardware using multiple passes and still runs in real-time. Finally, we also allow users to controlL
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using the emphasis functionEβ (x) : [0,1]→ [0,1]. Based on the rational polynomials [Sch94b], the
following function exaggerates or reduces local variations:

Eβ (x) = x
eβ (1−x)+x

.

This function is controlled via a parameterβ , which gives comprehensible variations for exaggeration
(β > 0) as well as attenuation (β < 0).

2.2.5 Application to Different Shading Styles

(a) (b) (c)

Fig. 2.15:Depicting shape through shading: Starting from a 3D model (a), we extract our view-dependent
shape descriptor (b) - (see Figure 2.11 for color code). We then manipulate shading based oncon-
tinuousshape information selected using the descriptor, and create various styles such as minimal
shading and cartoon shading (c).

To illustrate the benefits of our Apparent Relief Descriptor, we explain in detail how it is used
to depict shape with four different shading styles: cel shading, cartoon shading, minimal shading
and exaggerated shading. The overall approach is to create a texture that we call anApparent Relief
Map (ARM), which assigns arelief value r∈ [0,1] to every possible shape vector. For a given pixel,
we then simply useSSS as a texture coordinate to lookup a relief value in the ARM. This texture is a
straightforward way to choose which shape features are selected as shown in the next Section. An
example is given in Figure 2.11-(b): here, everything but planar- and saddle-like surface regions is
selected. All the textures in this paper have been done by hand in conventional image processing
software.

All our examples run in real-time on modern graphics hardware. Mesh sizesand frame-rates are
given in figure captions, and are similar for most styles, except for exaggerated shading that requires
more computations.

Cel-shading (Figure 2.16) is the simplest of the four shading styles we present. The ideais to
make direct use of relief values from a given ARM as pixel colors. Because this style clearly shows
the effect of the chosen ARM, we illustrate it using four different textures. The top-most one simply
filters out every surface region that is planar. The ones below providea finer control over which shape
details should be conveyed. The resulting shadings give compelling contour renderings.
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(a) (b) (c) (d)

Fig. 2.16:Cel-shading: By simply displaying relief values, we show the versatility of using an ARM as a
control interface. In (a), we filter only planar regions; in (b), we keep only convexities. (c) shows
an intermediate result between (a) and (b), where concavities are displayed in light gray. As a last
example, (d) renders concavities in white, convexities in black, and planar regions in gray (0.4 Mtri
/ 244 fps).

(a) (b) (c) (d)

Fig. 2.17:Cartoon-shading: The apparent relief descriptor (a) is used to select convex and concave regions and
to lookup into X-Toon textures. In (b), we use a smooth color gradation that gradually fades out in
lit regions. In (c), we reverse lights and darks, and show shading variationsinsideshape features.
In (d), we use a very subtle color gradient, and trim the alphachannel when the relief value is high,
removing shape details and flattening the result (0.3 Mtri / 250 fps).

Conventionalcartoon-shading [Dec96] may easily be modified to take into account our shape
descriptor (see Figure 2.17). The easiest approach is to employ the X-Toon shader of Barla et
al. [BTM06]: the classic 1D toon texture is then extended to a 2D toon texture,where the vertical
axis corresponds, in our case, to relief values. To illustrate this shading style, we use the ARM of Fig-
ure 2.16-(c). As shown in Figure 2.17, X-toon allows users to create morecomplex shadings, such as
smooth color variations located only in dark regions, and removal of shapedetails done by trimming
the alpha channel around strong relief values.

Another place where a shape descriptor is needed is when using drastic shading styles, such as
with what we callminimal-shading. A good example of this shading style is the appearance of
the recent feature-length movie “Renaissance” [Vol06]. Mostly black and white colors are used, so
that artists often need to carefully tweak light positions by hand to reveal objects’ shape. This is
because shape features are not always visible under conventional lighting, and they need to be re-
introduced in some way, an unintuitive and time consuming process. The recent paper of DeCarlo et
al. [DR07] proposes to extract highlight lines for reintroducing sharp shape features in dark regions.
With our shape descriptor, we rather reintroduce continuous shape information in such a black and
white shading style (see Figure 2.18): the idea is to treat relief values obtained from the ARM as
contrast values. Minimal shading is thus defined by a simple linear interpolationbetween a diffuse
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(a) (b)

Fig. 2.18:Minimal-shading: The apparent relief descriptor (a) allows to reintroduce the contrast lost using
drastically simple shading. Convex regions are used to makeshape features appear in black-on-
white, or white-on-black: in (b), from left to right, we firstrotate around the object to show its dark
side, and then move the light around (0.15 Mtri / 250 fps).

and inverted diffuse intensity, using relief as the interpolation parameter:I = (1− r)Tnnnlll + rT1−nnnlll ,
wherennn andlll define the current point’s normal and light unit vectors.I is then thresholded at 0.5. To
illustrate this style, we use an ARM that filters out everything but convexities.

(a) (b)

Fig. 2.19:Exaggerated-shading: The apparent relief descriptor (a) may be used to control exaggerated shading.
Relief values govern the amount of exaggerated details in specific regions: we select concavities for
all the images, and convexities for the right-most image (1 Mtri / 40 fps).

Our last example shows how to controlexaggerated shading[RBD06] with our shape descriptor
(see Figure 2.19). Its main principle is to build a multi-scale analysis of object normals, in the spirit
of a Gaussian Pyramid: at each level, normals are averaged to yield a coarser description. Then the
authors apply a cosine shading at each leveli = 0..N using each time the light direction projected onto
the plane defined by the normal in the coarser level. This has the effect ofemphasizing local details at
each level. Finally, the resulting lighting calculations are linearly combined usingper-level weightski .
We propose to use our apparent relief descriptor to accurately controlthe location of details that users’
wishes to exaggerate. Our approach is to compute the weights according to relief values:ki = Eβ (r),
whereEβ is the emphasis function, andβ ∝ N− i/N. Intuitively, this choice of weights progressively
brings in finer and finer details with increasing relief. With our approach wecan selectively enhance
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Fig. 2.20:Animated example: Four frames of an animated object, rendered using a cartoon shading style. Note
the fine wrinkles that appear on fingers.

convexities or concavities as shown in Figure 2.19.
Many other ARMs and style parameters could be used, and we show additional results in the

supplemental videos of [VBGS08a, VBGS08b]. Moreover, the method maybe applied to animated
objects, provided principal curvatures are pre-computed at each vertex for every frame of the anima-
tion. These videos also demonstrates our shading styles on such input as well as Figure 2.20, which
shows frames of an animated 3D object rendered in a cartoon style.

2.2.6 Simple User-Controls

(a) (b) (c)

Fig. 2.21:Features selection by ARM painting: After loading an object(the raptor) and selecting a rendering
style (here a cartoon-shading), all the features are equally displayed (a). By painting the center of
the ARM in black, users remove the quasi-planar regions of the objects (b)-(c) since their weight is
set to zero.

As shown in Figure 2.11, the shape vector domain is a comprehensible parameterization of the
curvature-related features: caps, cups, saddles, convex, concave and planar regions are organized as
section of the 2D domains; the central region corresponds to quasi-planar section of the surface while
the boundaries correspond to highly curved ones. Moreover, thanksto our 2D Apparent Relief Map,
features are easily weighted in and out using simple interactions.

The first one is a simple painting interface. Users directly paint the weights ofthe different
curvature-based features in the ARM (cf. Figure 2.21). Since our system is fully interactive, they
directly visualize the result on the 3D model. For an even more intuitive interaction, it is also possible
to directly select the features on the 3D object (cf. Figure 2.22): from theobject region, the system ex-
tracts the curvature information that corresponds directly to 2D coordinates in the ARM. The weights
are thus drawn in the corresponding ARM parts. This control is global: allthe similar features are
also similarly revealed or hidden.
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(a) (b)

Fig. 2.22:Direct selection of features: To precisely adjust an ARM, users directly select a feature on the 3D
object. Using a gray-level for the ARM (a), users select the raptor’s eye, and the corresponding area
of the ARM is painting in gray (b). Consequently, the eye and all similar features are revealed since
their weight is no more zero.

2.2.7 Discussion and Future Work

Our shape descriptor, called Apparent Relief, makes use of both object-space and image-space at-
tributes to extract continuous information of convexity and curvedness respectively. It provides a
flexible approach to the selection shape features, and thus is efficiently used to depict shape through
many different shading styles. On top of these benefits, the proposed method provides automatic LOD
functionalities that enable a variety of new effects, works in real-time on modern graphics hardware,
and is simple to implement. Furthermore, our shape descriptor shows that 2D and 3D analysis can
be combined to provide users with comprehensible 2D information coherent with the underlying 3D
object.

To illustrate its potential, we have demonstrated its use with four shading styles, including intuitive
approaches to control minimal shading and exaggerated shading. Any salient shape feature identified
via our descriptor is selected or filtered out via an Apparent Relief Map, and this tool is easy to manip-
ulate by painting or selection interactions. Further shading styles, from realism to non-photorealism,
have to be investigated.

There are some limitations to our approach that have to be addressed in future. For object-space
analysis, while we can deal with animated scenes, dynamic scenes (e.g., livecharacter animations
or natural phenomena) are not tractable because of the costly estimation ofcurvatures that need to be
recomputed at each frame. Secondly, for manifold objects, creating a coherent vector field or principal
curvature directions is a complex task related to mesh parameterization [ACSD+03]. Note that these
limitations are also limitations of most object-based approaches.

For image-space analysis, while controlling the scale parameter enables manyinteresting LOD
behaviors and user-controls, it would be even more interesting to design an automatic scale selection
mechanism. For this reason, Scale Space Theory [tHR03] has to be further inverstigated. Moreover,
the current implementation of curvedness extraction is based on an ad-hocGaussian filtering, and
do not preserve any existing discontinuities that participate to the shape depiction. Improved image
filtering techniques have to be investigated to provide a more robust descriptor.

Finally, the current combination of image-based and object-based analyses is a first step to more
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versatile one. Currently, the whole process is adapted for a visualization system: it reveals only the
features that exist at the current image resolution. This is similar to classicalimage analysis improved
by some 3D information. Some adaptations have to be done for an exploration system, where even
some hidden features would be presented to the user. To move forward theexploration context, 3D
information and tracking is even more important. As an example, the current user-selection of features
is done globally. If a spatial adaptation is possible on the image by a local variation of the descriptor
scale based on user-focus or on depth (cf. Section 2.2.3), the relation between this parameter variation
and the related part of the 3D object is lost at each camera movement. This parameter adaptation has
to be thus attached directly to the 3D object. Moreover, relations between image-space and object-
space information issued from the analysis (e.g., curvatures, silhouettes,scale ...) have to be more
closely investigated.
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2.3 Conclusion

In this chapter, we have introduced new techniques for controlling the appearance of 3D objects: a
new BRDF model and its modeling tools, and a new analysis to extract shape characteristics in order
to preserve them in expressive shading techniques.

Our BRDF model is defined to allow sketching and painting metaphors for BRDFdesign. A lobe
of our BRDF is represented with a polar curve for its shape and a texture for its color gradient and
for precise lobe-shape enhancement. Our representation allows real-timeedition of BRDFs, and pro-
vides more editing and creative freedom than previous approaches, from realistic to non-photorealistic
BRDFs.

Our shape descriptor is based on a combination of object-space and image-space techniques to
extract continuous information of convexity and curvedness respectively. It provides a flexible and
real-time approach to the selection of shape features, and is efficiently used to re-introduce them in
different shading styles. Furthermore, it shows that 2D and 3D analysiscan be combined to provide
users with comprehensible 2D information coherent with the underlying 3D object.

Their main common limitation is that the presented approaches provide users onlywith global
controls. To improve the user-freedom, we have to develop local edition to precisely adjust all the
parameters directly on 3D objects: this would result in spatial variations of these parameters. With
apparent relief, we provide a first solution to this problem, but limited to neighborhood defined in
image space. For dynamic scenes and moving objects, or for interactive visualization, a real 3D
variation of parameters has to be defined.

Our BRDF representation is also mainly limited (cf. Section 2.1.5 for more discussions) by the
use of parametric curves as definition of their shape. We have also shownthat using image-based
masks can reduce such limitation but without totally removing it. We believe that pure texture-based
approaches would provide more flexible solutions. To achieve such a goal, the constraints of plausible
shading have to be carefully defined in the context of material edition for realistic rendering.

Our shape descriptor currently does not take into account some of the shape discontinuities: issued
form visibility events from viewpoint (silhouettes, depth discontinuities ...) or sharp 3D features,
our image space filtering have to be bounded by those curves for an improved accuracy. We have
introduced recently a first solution [VPB+09], but the integration of discontinuities as constraints
has to be improved. An accurate and robust combination of 3D and 2D analysis will participate
to a general improvement of view-dependent shape depiction (cf. Section 2.2.7 for other possible
extensions). This hybridization is even more important than for sketching, since perception generally
spans in image space and shading largely participate to our perception of 3Dshapes.

Both techniques introduce new controls of 3D object appearance due to direct shading, with their
advantages and limitations discussed in the previous Sections. For more realistic rendering, either
more complex shading (e.g., with real BRDFs, soft shadows ...) or global illumination have to be
investigated for an improved user experience. For such a goal, a high-level understanding of the global
behavior of light propagation is needed while still providing more intuitive local editions. Similarly
to the combination of 2D interactions for 3D scenes, better knowledge on howthese complex global
phenomena can be locally abstracted is required to develop simpler tools. In the next chapter, we
propose a first step for one possible solution to this problem.
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Chapter 3

Global Illumination

In the previous chapters, we have introduced new tools for local definition of a 3D scene: free-form
modeling of 3D objects in Chapter 1 and their local definition of appearance in Chapter 2. When it
comes to a complete scene, the interactions between its different components have to be also defined:
this requires more high-level and global user-control. For lighting, this means considering all the
multiple inter-reflections and shadowing effects that occur.

As said in the introduction, as soon as the computational power has reacheda sufficient level, a
lot of research has been done in trying to simulate the reality. Over all the different aspects to reach
this goal, from static geometry to animated scenes, illumination has raised a lot of interest. This is
naturally due to the fact that for most of us, the vision is our main way to perceive the environment.
First focusing on physical accuracy to produce convincing images, most of the researches are now
based on the research of powerful approximations to reach visual plausibility for interactive rendering.

Intuitive controls for global illumination have only recently emerged as research do-
main [BAERD08, OKP+08]. In this chapter, we introduce a new representation of indirect lighting
based on vector quantities developed bearing in mind future and possibly moreuser-friendly editions.
This work is for us a perfect illustration of the fact that developments based on a user-friendliness
point of view can result in more generic and versatile solutions. The representation and its applica-
tions presented in this chapter has been validated by the following publications: [PRG+08, PRL+08]

3.1 Previous Work

Researches in global illumination have resulted in a very large number of publications: a full sum-
mary of previous work is out of the scope of this document. Readers can refer to the book of Dutré
et al. [DBB06] for a detailed presentation of this domain. In this section, we present a short overview
of the developed techniques, with a particular focus on the possible user-controls.

3.1.1 Definitions

The global illumination problem has been formalized by the well-knownRendering Equation[Kaj86].
For each wavelength (λ ∈ [380,780] nmfor visible light), this equation simply expresses a steady state
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Fig. 3.1:Geometric configuration of a reflection.

of light propagation in a non-participating environment1: the entire emitted energy from a pointsss of
portion of surface and around a directionωωωo (this quantity is calledradiance: Watt per square meter
and per steradian that is,W.m−2.sr−1) is the sum of the self-emitted energy (for light-sources) and of
the reflected incoming energy:

L(λ ,sss→ωωωo) = Le(λ ,sss→ωωωo)+
∫

Ω
ρ (λ ,sss→ωωωo,sss←ωωω i)

Tωωω i nnnsssL(λ ,sss←ωωω i) dωωω i .

In this equation, and in all the followings, we use the same notation (cf. Figure3.1 and [DBB06]):ρ
stands for the Bidirectional Reflectance Function (BRDF, as detailed in Section 2.1) or more generally,
the Bidirectional Scattering Function (BSDF [Hec91]),ωωωo (resp.ωωω i) stands for the out-going or view
direction (resp. incident direction),Ω denotes the whole space of possible directions,L(λ ,sss→ ωωω)
stands for the emitted energy fromsss in the directionωωω andL(λ ,sss←ωωω) for the received energy atsss
from the directionωωω. Finally, Tωωω i nnnsss denotes the dot product between the normalnnnsss at pointsss and the
directionωωω i .

In Computer Graphics, peoples generally do not solve the rendering equation for the full spectrum
of visible light for efficiency purpose. Instead, this equation is evaluatedfor colored values of radi-
ance, using XYZ of RGB color spaces [CIE]. For each color component, we approximate the light
propagation by using the same previous equation

L(sss→ωωωo) = Le(sss→ωωωo)+
∫

Ω
ρ (sss→ωωωo,sss←ωωω i)

Tωωω i nnnsssL(sss←ωωω i) dωωω i . (3.1)

This approximation does not introduce any error only in the case of white incident lighting [Bor91]
(i.e., the incident intensity is similar for each wavelength). Discussions aboutthis approximation and
some proposed user-controlled corrections are presented in AppendixA.

In lambertian (or diffuse) environments where the BRDF is independent onthe view and incident
directions (i.e.,ρ(sss→ωωωo,sss←ωωω i) = ρd), the rendering equation is simplified using a new radiometric
value: theradiosity. Introduced in Computer Graphics by Goral et al. [GTGB84], radiosity represents
the whole energy emitted in all directions in a visible hemisphere from a portion ofsurface: Watt per
square meter -W.m−2. Using albedor = πρd instead of BRDF, the radiosity equation is

B(sss) =
∫

Ω
L(sss←ωωω i) h(nnnsss,ωωω i) dωωω i = Be(sss)+ r I (sss) ,

whereI(sss) is the irradiance that is, the average energy received per square meter at surface point sss
andh(nnnsss,ωωω i) the hemisphere function as defined in Appendix B and Section B.1.1. This radiometric

1no scattering events are taken into account during the light propagation in the air
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quantity is expressed as

I (sss) =
∫

Ω

Tωωω i nnnsssL(sss←ωωω i) h(nnnsss,ωωω i) dωωω i =
∫

Ω

Tωωω i nnnsssB◦ ppp(sss,ωωω i) h(nnnsss,ωωω i) dωωω i , (3.2)

whereppp(sss,ωωω i) is a function that returns the first visible point fromsss in directionωωω i .
All these equations are recursive and they express all possible light paths in a 3D scene. Their

evaluations result in the simulation of complex lighting phenomena but they are generally time-
consuming. By using a Fourier analysis [DHS+05] or first order approximation [RMB07], theoretical
studies have identified some of the most complex lighting phenomena. Unfortunately, the results of
these analyses are not fully comprehensible by standard users since they require a solid mathemati-
cal background. In order to describe the different visible lighting effects, the regular expression for
light paths, introduced by Heckbert [Hec90] and improved by Suykens[Suy02], is more intuitive. In
these expressions,L denotes a position on a light source,D a diffuse reflection,S andG a specular
and glossy reflections, andE a position on the final receptor (e.g., the eye). All light paths are thus
characterized byL(D|G|S)∗E where “∗” stands for zero or multiple occurrences and “|”for the “or”
operator. Similar idea has been used for compositing different lighting simulations in [SSH+98]. The
different components of global illumination are thus divided in, as examples:
◦ Direct: reflection of light directly issued from light sources -L(D|G|S)E
◦ Indirect: lighting due to reflected light sources -L(D|G|S)+E
◦ Diffuse environment: the solution for such an environment is view-independent and thus does

not requires a view-point -LD∗

◦ Diffuse solution: such a solution contains multiple non-diffuse reflections but is still view-
independent -L(D|G|S)∗D∗

◦ View-dependent reflections: this paths contains all the glossy and specular paths visible from a
viewpoint -(L|D)(G|S)+E

3.1.2 Algorithms

Computer Graphics relies on fast algorithms to generate visually correct images. Over more than 20
years, a large number of techniques have been introduced to solve thesedifferent equations.

Radiosity Techniques

With its diffuse assumption, radiosity is direction-independent quantity. The radiosity equation can
thus be solved using confidently classical finite element methods based on a simple discretization of
a 3D scene. From its introduction in Computer Graphics by Goral et al. [GTGB84], such techniques
have contributing to the raise of global illumination in image synthesis. A complete overview of the
different techniques prior to year 1994 can be found in the books of Sillion and Puech [SP94] and
Ashdown [Ash94].

From the original and classical finite element methods, the research in efficient computation has
resulted in a large number of new approaches. To reduce the original cost, some solutions adjust
the accuracy according to its contribution to the final image [SAS92], but such approaches are view-
dependent. For a more generic approach, hierarchical and thus wavelet [GSCH93, SGCH94, HCA00,
CAH00] representations have been introduced: from originalO(N2) cost (whereN is the number
of discretization elements), they lead to aO(K2 + N) cost while preserving the confidence due to
finite elements (K denotes the initial number of object in the scene before discretization). To further
reduce the complexity, the initial number of object has to be also reduced. This is achieved by using
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clustering [SAG94, SDS95] that make use of a volumetric approximation of a collection of 3D objects,
or that make use of mesh simplification [WHG99, DB00]. Such approaches increase the efficiency
in computing plausible solutions on complex 3D scenes while reducing the control on the resulting
physical error [HDSD99]. Similar problems exist for the extension of radiosity techniques to more
generic surfaces such as points [DYN04], implicit surfaces [MAP00a], or techniques based on more
generic basis functions [MAP00b].

Despite their success and their importance in the history of Computer Graphics, all these tech-
niques are limited to diffuse environments. Three kinds of improvements have been proposed in order
to extend the computation to more general contexts. The first ones combine finite-element for the dif-
fuse part of a global illumination solution with ray-tracing and derived techniques (cf. the following
sections dedicated to stochastic integration schemes): the non-diffuse reflections are either added in a
second step after convergence of the finite element solution [WCG87] or directly merged into the itera-
tive solver [CRMT91, GDW00]. While such approaches provide more orless easy combination for an
elegant solution for general environments, they also increase the numberof parameters due to the use
of different techniques. The resulting parameters are generally not completely independent and thus
not fully comprehensible. The second is to replace the simple direction-independent radiosity value by
a directional distribution of outgoing energy (i.e., radiance) [SAWG91, SDS95, SSG+00]. The third
solution relies on an implicit directional representation of incident energy [SH94, SS98, DBG99].
These techniques compute the energy transfer between each discretization patch and rely of a gather-
ing step to compute the final reflected energy toward the image. Unfortunately, the last two kinds of
approaches increase drastically the amount of required storage or processing time.

Radiosity techniques inherit their advantages from finite element methods. Firstly, they take ben-
efit of the good reputation of such techniques due to a long history of developments and uses in
physical simulations: the final accuracy is theoretically easy to control. Secondly, they provide a
view-independent solution on the whole 3D scene, even in the case of stochastic integration of the
radiosity equation [Sbe97]: this is well-suited for physical simulations and their visualization. Nev-
ertheless, in the case of hierarchical solutions based on clustering, the resulting errors are hardly
bounded [GH96, SSS97]. Researches have still to be done to be fully usable.

Unfortunately, all these techniques inherit also their disadvantages fromfinite element methods.
Firstly, they require a whole discretization of the 3D scenes, leading to a storage requirement depen-
dent on the scene complexity. With the increasing richness of virtual world,the memory requirement
can simply be prohibitive, even for memory efficient solution [SSSS98, GD99]. Secondly, the main
control provided to users is on the resulting accuracy. In Computer Graphics, qualitative errors com-
bined with simple user-controls are often preferred to quantitative ones: this leads to faster solutions
and more comprehensible parameters.

Stochastic Integration

The most successful techniques developed during the past 20 years are based on stochastic integration.
Indeed, the convergence of such schemes is independent of the complexity of the integration domain:
in global illumination, this domain is the set of all the possible light paths in 3D scene. Furthermore,
their minimal requirement are simple and versatile computational kernels that contain only 3D inter-
sections with rays, 3D data structures for enhanced performance in estimating 3D intersections, and
evaluation of light reflection at the intersections. An overview of efficientimplementations is pro-
vided in the books of Glassner [Gla89b] and Sherley [She03]. As an example of their versatility, such
computation is even available for recent point-based representation of 3Dsurface [SW00, AA03].

There are two main families of algorithms. The first ones are based on ray-tracing. Their principle
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is quite simple since they are all based on sampling the integration domain by randomly selecting a
set of representative light paths, and on the evaluation of light propagation along these samples. A
complete overview is presented in the book of Dutré et al. [DBB06]. Such an approach has been used
for solving the rendering equation as introduced by Kajiya [Kaj86]: a rayissue from the view-point
is propagated in the scene. At each intersection, the direction is reflected and the direct lighting is
evaluated. This simple algorithm is calledpath-tracing. Since the rays are issued from the viewpoint,
lighting phenomena that highly dependent on glossy or specular reflectionof light sources are hardly
detected (L(G|S)∗ paths). To overcome this limitation, on possibility is to emit rays from both light
sources and the viewpoint: such an approach is calledbidirectional ray-tracing[LW93, VG94, Laf96].
To achieve a faster convergence, local adaptation of paths can be done: such techniques are called
Metropolis light transport[VG97, Vea97].

Despite their versatility, all these techniques are prone to stochastic noise. To main control to
reduce this artefact is to increase the number of samples. This control is simple, but in general, the
number of sample has to increase drastically to reduce the noise since these methods converge in
O(
√

N) whereN is the number of samples. Thanks to Metropolis light transport, users can tune the
ray-mutation strategy to emphasize some effects and increase the convergence to a noise-less solution.
This control requires a good understanding of stochastic integration.

As previously said, in Computer Graphics, qualitative errors are often preferred to quantitative
ones. For stochastic integration, we generally prefer bias to noise: the converged solution can slightly
get away to the rendering equation while preserving the general behavior. On example of such bias is
a post-filtering step for noise removal [McC99].

The control on bias is one of the reasons of the success for the secondfamily of stochastic meth-
ods: particle tracing[Wan01] combined withdensity estimation[Wal98]. Their principle is similar
to ray-tracing: path samples are issued from light sources and propagated into the environment. The
main difference is that first all the intersection with 3D environment of the pathsamples are stored
(such an intersection is called a particle or a photon) and second, the lightingintensity is estimated
based on the density of particles. Heckbert [Hec90] use textures for encoding the illumination: the
energy received in each texel is the sum of the energy of the particles that have intersected this texel.
Other techniques [WHSG97, Mys97] estimate this illumination directly on each patch of a 3D scene
discretization. Unfortunately, mesh-based density estimation suffers fromthe same limitations than
radiosity techniques: they requires a discretization of the 3D scene. The most successful techniques
introduced by Wann Jensen [Wan01] is calledphoton mapping. It relies on both a kernel-based den-
sity estimation that allows to locally adapt the size of the kernel to the particle density, and also on a
final reconstruction based on ray-tracing to compute the reflections toward the image and to add all
view-dependent reflections. Thanks to this final step, the bias on the density estimation is masked by
a highly accurate final reflection. This approach computes very efficiently low-frequency illumina-
tion like diffuse inter-reflections thanks to density estimation, and high-frequency specular reflections
thanks to ray-tracing. Unfortunately, middle-range frequencies such as in glossy reflections are hardly
estimated by density estimation and still rely on stochastic integration. Furthermore,the choice of the
non-independent parameters for the density estimation is not user-friendly, and is difficult to estimate
automatically [Chr99].

With some well-tuned algorithms [DBMS02], interactive stochastic integration is possible. But in
most cases, they are still computational expensive. Optimizations rely in general on caching some in-
formation in order to factorize similar paths [WRC88, CB04]. Indeed, pathsissued from light sources
and low-frequency illuminations are efficiently estimated and easily cached using spatial interpola-
tion of scalar values such as irradiance, or of directional quantity such as radiance [KBPŽ06]. But,
new parameters are again introduced, leading to difficult and empirical user-selection to obtain a good
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trade-off between quality and rendering time.

Hardware-Based

One of the main applicative contexts of global illumination is interactive visualization of 3D scenes.
In standard interactive applications, common approaches precompute lighting and store it as diffuse
lightmaps [Hec90]. However, highly detailed geometries require highly detailed maps to capture
all lighting variations. For almost-planar surfaces or slowly varying geometric details, one can use
directional lightmaps [HP02] that store, for each texel, a directional light source. This reduces the
required resolution but, generally these approaches are only efficientfor direct lighting.

Thanks to recent and large increases of computational power of graphics hardware, it is now
possible to develop interactive techniques that incorporate global illuminationeffects [DBB06].
The introduction ofanti-radiance [DSDD07] removes visibility estimation and is more suitable
for hardware rendering. However, it requires a minimal number of passes proportional to the
scene depth complexity. Radiosity techniques [CHL04, DSDD07] and mesh-based global illumina-
tion [NPG03, NPG05] can be implemented on modern GPUs, by storing the indirect lighting into en-
vironment maps [MMP02]. Stochastic solutions have also been implemented on GPUs, such as those
based onphoton-mapping[PDC+03] or radiance caching [GKBP05]. Real time is only achieved with
Instant Radiosity[Kel97, SIP07] combined with incremental techniques [LSK+07]. All these tech-
niques rely on fast rendering of complex direct lighting using modern GPUs. But in order to achieve
interactivity, some limitations are generally introduced: the number of indirect light bounces is limited
(in general to only two), as well as the number of light sources.

3.1.3 Precomputation

Due to the still highly complex computation, global illumination relies more and more on precom-
putation to speed-up the process and sometimes, to reach interactive frame-rates: precomputation is
often the chosen solution for hardware-based visualization of 3D scenes with global illumination.

Caching

For ray-tracing, caching has been introduced by Ward et al. [WRC88]for storing diffuse indirect
lighting. The 3D scene is sampled using a criterion dependent on normal variation and on visibility in
order to adapt the density according to the illumination variations. The reconstructed illumination is
weighted sum of all the cached samples. To reduce this complexity due to the use of reconstruction ba-
sis with a global support, cached intensity is estimated using a local neighborhood of cached position,
leading to a non-continuous reconstruction even with the introduction of irradiance gradients [WH92].
Caching is also the core of efficient implementation of photon mapping [Wan01]. A well-tailored
sampling [KBPŽ06] combined with directional representations of incoming radiance [KGPB05] im-
proves the smoothness but does not lead to a continuous estimation: partition of unity on these non-
uniform samples would have to be used. One of the most interesting solutions proposed by Arikan
et al. [AFO05] introduces a two-level caching: since radiance due to distant objects exhibits low spa-
tial and angular variation, it is directly estimated with cached data; the radiancedue to local geometry
is estimated with an indirect access to the cached data by a one-bounce ray-tracing. The main ad-
vantage of caching is the resulting speed-up even if it introduces new parameters. Another indirect
advantage is that it can be modified in order to fit users’ idea of the indirectillumination [TL04].
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Precomputed Radiance Transfer

To render interactively complex lighting effects, a whole research domain of has emerged recently:
Precomputed Radiance transferor PRT. The main aim is to precompute the response of 3D objects
to infinitely distant light sources (i.e., directional light sources). Ramamoorthi and Hanrahan [RH01]
first introduce this approach for diffuse and direct lighting due to distantenvironment approximated
by an environment map: the lighting response is computed for each vertex ofa 3D mesh. PRT has thus
been extended to more general lighting effects with multiple inter-reflections [SKS02], to changing
viewpoints for non-diffuse objects [LSSS04, WTL04, TS06] and evento normal mapping [Slo06].
The main advantage of such techniques is that users can modify interactively the distance lighting on
static objects. Nevertheless, users have no control on the radiance transfer and PRTs are still limited
to distant lighting. Near-field lighting for interactive design of globally lighted scenes has been only
recently studied [PWL+07]. Unfortunately, in most cases, the storage requirement is quite large due
to its dependency of the directional accuracy required for highly non-diffuses surfaces, and due to
its dependency on geometric complexity. The introduction of clustering with Principal Component
Analysis [SHHS03], spectral mesh basis [WZH07] and gradients [AKDS04] reduces this limitation,
but does not discard it.

Excepted [PWL+07], all these techniques are limited to a single 3D object and to distance light-
ing. Kristensen et al. [KAMW05] precompute the lighting response for different position of point-
light sources: it allows users to design the lighting by selecting the differentposition of light sources
with real-time feed-back. Another solution is to precompute the direct-to-indirect transfer (e.g., Hašan
et al. [HPB06]), and rely on a fast evaluation of direct lighting for efficient update (like hardware-
based direct lighting). To reach a sufficient visual quality, the sampling strategy needs to depend on
the geometric complexity. Thanks to a hierarchical expression, Lehtinen etal. [LZT+08] extend this
approach to more complex objects and vector representation. Unfortunately, this vector representation
is linked to the normal direction of the sample point leading to an interpolation scheme that still relies
on a dense sampling for highly detailed objects. Furthermore, due to view-dependent strategy, there
is no guarantee that every potentially visible point can have in their neighborhood enough samples
to recompute the illumination [RGKS08]. All these solutions are also limited since users can only
manipulate light sources.

3.1.4 Energy Representations

The representations of the different quantities involved in global illumination participate to the possi-
bility of user-edition. In this section, we present an overview.

Scalar

The simplest representation generally associated with the diffuse approximation is a scalar value for
each patch of a discretization or each sampled position of a 3D scene [WRC88, MAP00a, MAP00b]:
radiosity and irradiance. Such representation is also simple to manipulate [OKP+08] since it can
potentially be directly painted on 3D surfaces.

Directional Distribution

Unfortunately, scalar data are too restricted for general purpose usein global illumination. Further-
more, they are tied to the underlying geometry and thus require a large discretization for highly
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detailed objects. For more general purpose, most of the solutions are based on a directional repre-
sentation of incident radiance, irradiance or implicit visibility [DSDD07]. A very good overview is
presented by Lessig and Fiume [LF08].

Issue from researches on polynomial approximations [Arv95] of a directional signal, Spherical
Harmonics (e.g., [SAWG91, SDS95, SKS02, KAMW05, Slo06, KL06]) and derivatives such as Hemi-
spherical Harmonics [GKPB04] are widely used thanks to their orthonormality. However, their basis
functions have a global support and thus, the resulting representation infrequency domain cannot
localize directional lighting phenomena: their user-edition may be less comprehensible than a direct
work on the original signal (like editing an image in frequency domain rather directly). Furthermore,
they are oriented toward one main axis, emphasizing phenomena along this direction and reducing
again the localization of un-aligned ones.

On the other side, wavelets are localized in both space and frequency andtherefore are efficient
for the representation of radiance [CSSD94, SSG+00] and of all-frequency signals [NRH03, NRH04,
LSSS04, WTL04]. Unfortunately, on a sphere, they require tailored subdivision schemes (e.g., [SS95,
LF08]) and are also often limited to piecewise constant functions: a smooth reconstruction of high-
frequency signals is time and memory consuming [SSG+00].

Recently,Spherical Radial Basis Functionshave been introduced [GKMD06, TS06]. SRBFs are
localized in both space and frequency but, in contrast to the two previous representations, computing
the basis representation of a signal is expensive. Nevertheless, they represent a good trade-off for
user-edition of a directional signal.

The work most related to ours is theIrradiance Volume[GSHG92] and its extension used by
different game engines (e.g., [MFE07]). The original Irradiance Volume is a bi-level regular grid that
stores irradiance values at each vertex position. This representation has two main advantages:

1. regular grids can be more easily implemented on GPUs;
2. the volumetric aspect allows to decorrelate the grid resolution from the geometric complexity.

However, the spatial interpolation scheme, to ensure a smooth reconstruction of the irradiance, is more
complex than a classical trilinear interpolation scheme used with a regular grid.

Vector Quantities

On one side, scalar values are too tied to the geometric complexity of a scene. On the other side,
directional distributions are more complex and resource demanding and thusare more difficult to
manipulate. We thus take a look on vector representations.

Introduced by Arvo [Arv94], anIrradiance Vectoris a vector quantity which norm represents the
incident energy over a whole hemisphere and which direction representsthe main incident lighting
direction. It can thus be associated to a local directional light source, quantity that can be easily
manipulated [TL04]. Moreover, it is robust to geometric variations as shown in the works of Lecot
et al. [LLAP05], Willmott et al. [WHG99] and Gobbetti et al. [GSA03], andas pointed out by Lehtinen
et al. [LZK+07, LZT+08]. In general, vector representations are more independent on the geometry,
as shown by the development ofLight Vectors[ZSP98, SP01].

3.1.5 Independence on 3D Complexity

On important point to discuss is the independence on the 3D scene complexity.Such a decorrelation
increases the independence of parameters between the 3D scenes description and the illumination
representation.
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With Photometric Independence

Classical caching structures [WRC88, Chr99, CB04]) store irradiance as it allows to change the diffuse
albedo of materials without having to recompute the cached values. To overcome the limitation to
diffuse reflectance or at best, low-frequency BRDFs imposed by irradiance caching, new schemes
based on incident radiance caching have been introduced. Encoding incident radiance by spherical
harmonics [KBPŽ06, AFO05] or wavelets [SSG+00] is more accurate than constant basis [GSHG92],
but with both representations, the number of coefficients quickly explodesfor high-frequency BRDFs,
thus still limiting the method to moderately glossy BRDFs. A trade-off between the three following
points has to be considered.

With Geometric Independence

While the irradiance is a geometric dependent quantity, the radiance is not. Thus the radiance caching
theoretically offers geometric robustness. Unfortunately, the usual strategy [WRC88] used to place
the precomputed samples depends on the underlying geometry. Therefore, radiance caching cannot be
applied in the case of highly detailed surfaces, because the number of samples quickly becomes huge.
While light vectors [ZSP98] are also geometrically robust, they are not photometric independent.

With Continuous Reconstruction

Another issue with caching involves the interpolation scheme used during the rendering pass. Irra-
diance and radiance caching schemes need to store their samples in an efficient structure (kd-tree or
octree) in order to quickly retrieve them when interpolation is needed. However, due to the com-
bined facts that these samples are not placed on specific positions and onlyan interpolation on
local neighborhood is performed, these schemes cannot ensure a continuous reconstruction of the
stored radiometric quantity. On the contrary, with volumetric representations,such as irradiance vol-
umes [GSHG92], the continuous interpolation is easier to perform. Unfortunately as the irradiance
volumes cache incident radiance, numerical integration is required at the rendering step.

3.1.6 User Edition and Conclusion

Editing global illuminated scenes is a complex task due to the multiple inter-reflections. We believe
that user-friendliness of global illumination relies more on the possibility of a direct control on the
light in order to match it with users’ desires than on a careful choice on parameters that control only
the accuracy of the simulation.

Some previous solutions offer the possibility to edit 3D scene by moving the 3D objects (in purely
diffuse scenes [Sha97, DS97] and with some non-diffuse paths [GD01, DBMS02]): view-dependent
reflections would rely on interactive ray-tracing [Shi06]. As describedin previous sections, some oth-
ers rely on precomputation to allow interactive edition of light sources [KAMW05, HPB06]. None of
them offer an intuitive tool to freely design the illumination. More recently, Pellacini et al. [PBMF07]
have introduced an optimization process to define the parameters of light sources corresponding to a
painting solution by users: such solution is limited to direct lighting and can hardlybe applied for full
global illumination.

Ben-Artzi et al. [BAERD08] introduce a new polynomial representation of BRDFs that enables
interactive BRDF editing with global illumination. They use a high-quality representation for the
BRDFs at the first bounce from the eye and lower-frequency (often diffuse) versions for further
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bounces. The solution is limited to editing the global illumination effects due to BRDFsin on single
image. Nevertheless, they show that simple polygonal basis can be sufficient for user-edition purpose.

Obert et al. [OKP+08] have shown that, in cinematic lighting design, physical accuracy is less
important than careful control of scene appearance. They thus propose a new representation for artistic
control of indirect illumination. They encode users’ adjustments to indirect lighting as scale and
offset coefficients of the transfer operator. These adjustments are done for multiple key-frames and
interpolated in-between. Such an approach is limited to linear transformation oflighting operator. We
believe that a new representation of indirect lighting can help in introducing more freedom in lighting
design.

It is important to notice that these last approaches do not simulate the whole propagation for each
modification. They in fact rely on simplified or abstracted representations ofthe phenomena. This is
a requirement to reach an interactive editing.

3.2 Irradiance Vector Grid

After having briefly reviewed previous work for global illumination, we want to add one more remark
about lighting design. The most related real-world techniques for lighting edition are the ones use
by photographers to emphasize the shape of real objects: they carefullyselect and position a set
of light sources. In Computer Graphics, peoples are used to manipulate point and directional light
sources: Tabellion and Lamorlette [TL04] have shown that indirect lightingcan be editing similarly
than in real-world by carefully select and position a set of local light sources. Simple to implement on
graphics hardware, such light sources allow interactive visualization ofglossy reflection at interactive
frame-rate [WAL+97].

Moreover, regarding the three issues discuss in Section 3.1.5, we propose an alternative volumet-
ric data structure based on irradiance vectors that offers improved geometric robustness and similar
photometric robustness as other comparable methods. To provide a smooth reconstruction of indirect
illumination, we use a continuous interpolation scheme which does not depend on surface geometry.
Furthermore, our representation is easy to adapt on GPU and has low memoryconsumption.

3.2.1 Directional Irradiance Vector

For a given wavelength, theirradiance vector III(nnnsss), as introduced by Arvo [Arv94], is defined for a
pointsss with normalnnnsss as

�
3×Ω→�3 : III(nnnsss) =

∫

Ω
L(sss←ωωω i)ωωω i h(nnnsss,ωωω i) dωωω i , (3.3)

using the same notation of Equation 3.2. The irradiance vector stores radiometric and geometric
information; it is directly related to the diffusely reflected radiance:

Lr(sss) =
r

π
TIII(nnnsss)nnnsss (3.4)

wherer is the diffuse albedo at pointsss andT denotes the transpose operator. The main benefit of
irradiance vectors compared to irradiance is that for a local variation of asurface normal, the re-
flected radiance can be adjusted, making this representation moregeometrically robust. To evaluate
Equation 3.4, one may use any global illumination algorithm such as particle-tracing or path-tracing.
Intuitively, an irradiance vector represents the intensity of the incident lighting and the mean direction
where it comes from.
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Bear in mind that we want to compute the reflected radianceLr(sss), where the normal atsss may be
along any direction. Therefore, we need an efficient representation tostore the incident illumination
for any direction. We thus subdivide the direction space with six overlapping hemispheres, where
each hemisphere is oriented toward a main directionδδδ = ±xxx|±yyy|±zzz. We precompute an irradiance
vectorIIIδδδ for each of the six hemispheres to represent the incident illumination. With an appropriate
interpolation scheme, we combine the different values ofIIIδδδ to evaluateIII(nnnsss) and thusLr(sss) for any
normalnnnsss = (nx,ny,nz). The interpolation is only done for three out of the six possible directions of
δδδ . The choice between±xxx (resp.±yyy and±zzz) is done according to the sign ofnx (resp.ny andnz). The
directional irradiance vector III(nnnsss) is obtained by remapping the three spatially interpolated irradiance
vectors according to the normal directionnnn at pointsss:

III(nnnsss) = III±xxx(sss)n2
x + III±yyy(sss)n2

y + III±zzz(sss)n2
z .

Notice that our directional interpolation (related to [MFE07]) is of course exact when the normalnnn
is aligned withδδδ . This interpolation basis is composed of the diagonal polynomials of the second
orderradiation pressure tensors[Arv95]. Discussions on more accurate approaches are presented in
Appendix B.

3.2.2 Spatial Reconstruction

This previous definition is still tied to a position on a surface and such dependent on the geometric
complexity. To get rid of this dependency, we thus compute a set of irradiance vectors at vertices of
a 2D regular grid (i.e., a 2D texture) for quasi-planar surfaces and of a3D regular grid (i.e., a 3D
texture) for more complex objects. Such an approach is required for highly detailed scenes [CB04].
In the following, we consider mainly 3D grids, since in general the 2D adaptation is straightforward.

In order to compute smooth indirect illumination, we spatially interpolate the irradiance vector
for each pointppp = (px, py, pz), by performing either a trilinear or a tricubic (resp. bilinear or bicubic)
spatial interpolation of the irradiance vectors stored at the 3D (resp. 2D)grid verticesvi jk surrounding
point ppp:

IIIδδδ (ppp) = ∑
i jk

λi jk(ppp)III i jk
δδδ .

3.2.3 Precomputation

Any global illumination technique may be used to estimate the irradiance vectors stored in the grid.

Particle Tracing for 3D Grids

In our implementation, we use Particle Tracing by propagating photons from the light sources through
the grid. Every time a photon traverses a voxel’s face, its contribution is added to the irradiance vector
III i jk

δδδ associated with the nearest vertexvi jk and the directionδδδ provided by the normal of the face
(see Figure 3.2). When a photon hits some scene geometry, a classical stochastic reflection is applied
according to the local BRDF.

The photon propagation is accomplished in two steps. First, using a ray tracing acceleration
structure [Gla89a], we find the closest intersection with the scene. Then,we propagate the photon
into the Irradiance Vector Grid without any intersection test. Once all photons have been treated, a
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Fig. 3.2: Irradiance Vector computation in 2D. When a photon hits a voxel’s face, its contribution is added to
the irradiance vector associated with the nearest vertex. Photon contribution added toIII i, j

−xxx (left) and
III i, j
+yyy (right).

normalization step is performed on the irradiance vectors for each color component:

III i jk
δδδ =

1

Ai jk
δδδ

Ni jk
δδδ

∑
n=1

φnωωωnh(δδδ ,ωωωn)

whereωωωn andφn are the direction and energy (W) of photonn, Ni jk
δδδ is the number of photons that have

contributed to the irradiance vector at vertexvi jk in directionδδδ , andAi jk
δδδ is the area of the rectangular

cell centered atvi jk in directionδδδ . As we are using a uniform rectangular 3D grid, the area of such cell
is simply the area of the voxel’s face oriented in the same direction, except for grid boundary vertices,
where the area is divided by two, and for grid corner vertices, where itis divided by four.

Note that our approach does not suffer from the classical boundarybias of photon mapping (where
spheres with large radii are used to collect photons, such as in room corners and along contours of
flat surfaces) as our density estimation correctly accounts for the intersection of the photons with the
grid. Unlike the strategy of Havran et al. [HBHS05], our approach does not need to store all the rays
generated from the photon propagation.

Note also that we compute in fact colored irradiance vector, defined by three primary colors
(R,G,B). We thus need, for eachδδδ , three irradiance vectors stored in a 3×3 matrix MMMδδδ

MMMδδδ =
[

IIIR,δδδ IIIG,δδδ IIIB,δδδ
]

=
1

Ai jk
δδδ

Ni jk
δδδ

∑
n=1

ωωωn
Tφφφnh(δδδ ,ωωωn) ,

whereφφφn is the colored energy of the particlen.

Path-Tracing

A more generic solution is based on stochastic evaluation of irradiance vector integral (cf. Equa-
tion 3.3) with path-tracing. This approach is also more suited for 2D grids. For each grid vertexvi jk ,
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Fig. 3.3:Sampling strategy for 2D grids. (left) a small translation in the direction of surface normal is applied
on vertices. (right) Because samples can now be inside otherobjects, no intersection is taken into
account in the precomputation of indirect lighting before leaving them.

N rays are issued in directionsωωωn and their corresponding radiancesln (W.m−2.sr−1) are accumulated
for each principal directionδδδ :

III i jk
δδδ =

1

Ni jk
δδδ

Ni jk
δδδ

∑
n=1

ln
p(ωωωn)

ωωωnh(δδδ ,ωωωn) .

In this equation,p(ωωωn) stands for the density of probability in emitting a ray in the directionωωωn.
Similarly to the photon mapping case, the final irradiance vectors are coloredones and are expressed
as the following matrices:

MMMδδδ =
[

IIIR,δδδ IIIG,δδδ IIIB,δδδ
]

=
1

Ni jk
δδδ

Ni jk
δδδ

∑
n=1

ωωωn
Tllln

1
p(ωωωn)

h(δδδ ,ωωωn) ,

wherellln is the colored radiance of rayn.
For all 2D grids vertices, we precompute the irradiance vectors with a simple path tracer [DBB06].

Unfortunately, if the 3D position of a grid vertex lies on the associated surface, only half of the
directions are accessible. Similarly to Arikan et al. [AFO05], a small translation in the direction of
the normal is applied (cf. Figure 3.3-left). Unfortunately, some displaced vertices can now be inside
other objects and therefore unwanted shadowed areas may appear. Tosolve this problem, we ignore
the intersections that occur inside these objects (cf. Figure 3.3-right).

Note that, the two approaches, path tracing and particle tracing, can be easily parallelized. Note
also that no intermediate structures are required for storing the impacts, leading to a small memory
footprint for the precomputation.

3.2.4 Compression

Remember that Equation 3.3 defines an irradiance vector for a single color component. Since, in
computer graphics chrominance is defined by three primary colors(R,G,B), we need, for eachδδδ ,
three irradiance vectors stored in a 3×3 matrix MMMδδδ =

[

IIIR,δδδ IIIG,δδδ IIIB,δδδ
]

. For a given grid vertex and a
givenδδδ , we compress MMMδδδ as the product of a directiondddδδδ and a colorcccδδδ defined as follows:

MMMδδδ = dddδδδ
T(cccδδδ )

dddδδδ =
IIIR,δδδ + IIIG,δδδ + IIIB,δδδ

‖IIIR,δδδ + IIIG,δδδ + IIIB,δδδ‖
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Ramses Neptune David Lucy

Full / Simplified 1.6 M / 80 K 4 M / 100 K 7.2 M / 100 K 15 M / 150 K

Fig. 3.4:Size (in polygons) of the full and simplified objects.

and

cccδδδ =
1

Tdddδδδ δδδ
[

TIIIR,δδδ δδδ TIIIG,δδδ δδδ TIIIB,δδδ δδδ
]

.

This guarantees that when the normalnnn is aligned withδδδ , we preserve the original RGB intensity:
TMMMδδδ nnn = cccδδδ

Tdddδδδ nnn (using Equation 3.4). We have tested experimentally that this compression does not
introduce any artifact in the indirect lighting interpolation. More accurate approximation might be
achieved using an iterative optimization as shown in Appendix B - Section B.1.4.

To reduce the required bandwidth usage even further, the direction canbe quantized on 24 bits
(classical quantization with 8 bits for each coordinate) and the color on 32 bits, using the GPU-
compatible R9_G9_B9_E5 format similar to the RGBE format [War91]. These two vectors are en-
coded in two 3D textures, and therefore the information for the sixδδδ directions requires 12 3D tex-
tures. To reconstruct the indirect lighting, one may use trilinear interpolationnatively provided by the
hardware, or adapt a tricubic interpolation technique [SH05].

3.3 Applications and Results

As said in the introduction, the vector representation has been developed intended for an improved
user-control on the indirect illumination. Nevertheless, we have to prove that this representation is
first valuable to compute a global illumination solution. This illustrates that a user-intended develop-
ment can also improve existing techniques. In this section, we thus present itsapplications into three
different contexts.

3.3.1 Geometric Complexity: Precomputation and Hardware Rendering

More and more objects used in 3D graphics are issued from 3D scanning.This introduces the large
richness of real world. Thisoriginal geometrycan be too large, to offer interesting performance
when precomputing the global illumination. However, since indirect illumination is aslow varying
function [WRC88], it does not depend on all the original details. Asimplified geometryis thus largely
sufficient and it will greatly speed up the preprocess as shown by Tabellion and Lamorlette [TL04].
Our geometry-independent representation is well-suited for such an approach. This coarse level can
also be used for distant objects. However, for closer viewpoints, all tinydetails can convey important
visual information. These details are re-introduced in the intermediate level of details for interactive
rendering.
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(a) (b) (c) (d)
Direct+ Indirect (45s) Indirect Lighting (1.27s)

Low (150K polygons) High (16M polygons)
Precomputation: 459s Precomputation: 1560s

Fig. 3.5:Precomputation on the full versus simplified geometry. The resolution of the 3D grid used to capture
the indirect illumination around this statue is 8×16×8. In (b) and (c), we use software rendering to
show the indirect irradiance from the grid precomputed on respectively low (b) and high (c) geometry.
Computing the difference inLab color space (d) between (b) and (c) shows that the maximum error
is 69 (15% of maximum possible error) and is very localized. The average error is 0.4 (0.09%).

Lucy Room Mediterranean Room

Fig. 3.6:The test scenes. The first scene is dedicated to Lucy statue. The floor consists in a normal mapped
quad and a spot-light is directed toward the back-right corner. The second scene is dedicated to statues
gathered from around the Mediterranean Sea from different places and periods. It consists in three
statues, a normal-mapped floor and a spot light directed toward the ceiling.

This approach allows to speed up precomputation without losing too many features in the illumi-
nation. To validate this point, we compare (cf. Figure 3.5) the indirect irradiance obtained when using
grids precomputed with the simplified (cf. Figure 3.5(b)) and full geometries (cf. Figure 3.5(c)). As
shown in Figure 3.5(d) the average difference in perceptually uniformLab color space is very low.
The maximum possible error reaches 15%, but mostly in darker areas where it is less noticeable.

Most of the original details can be represented by a normal map with sufficient visual accuracy.
We usesimplified meshes with normal mapsfor the final rendering step. This representation enables
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Lucy Room Mediterranean Room

Full / Simplified geometry 15 M / 150 K 12.8 M / 280 K
APO 21 MB 94 MB

3D grids 1 / 8×16×8 / 144 KB 3 / 16×16×16 / 1.7 MB
2D grids 6 / 32×32 / 264 KB 6 / 32×32 / 264 KB
Lighting Precomputation 55 min 260 min

Full geometry 3-8 fps 5-8 fps
APO 35 fps 30 fps

Tab. 3.1:Size of the different structures and average rendering frame-rate. The geometry size corresponds to
the number of polygons. We present in parentheses the numberof 2D and 3D grids used in each
scene, their resolution, and the total amount of memory. Note how small the latter is compared to
the size of the simplified geometry. We use 16K paths for each grid vertex. The frame-rate has been
evaluated for a 800×800 pixels viewport. For a given scene, the same grids are used for indirect
illumination with the different representation of the geometry.

real-time performance while preserving the visual richness of an object. Since global parameteriza-
tion of a large object can be difficult to compute, we rely on a volumetric and parameterization-free
representation: the appearance-preserving octree (APO) [LBJS07]. An APO encodes a normal map
in an octree texture.

We experiment our grids structure for indirect illumination with two scenes (cf. Figure 3.6) where
the illumination on the main objects is thus mostly indirect. In all scenes, we use 2D grids to capture
the indirect illumination and shadows for the walls, floor, and ceiling, while the 3D grids capture
them for the archeological objects. For each scene and as described inprevious paragraphs, we use a
simplified mesh to precompute the indirect illumination, and this mesh with normal mappingfor the
final interactive rendering. Thanks to our approach, our system allows users to navigate in 3D scenes
and visualize the objects interactively whereas this would be unattainable with full geometries (cf.
Table 3.1). Note also that the overhead due to our representation of the indirection illumination is low
compare to the required memory for the geometry (cf. Table 3.1).

3.3.2 Streaming

We have also experimented our representation on a client/server architecture. The server precom-
putes and stores the lighting structures and the levels of detail (LODs) for each complex geometry
represented as a progressive mesh. The server sends either new geometric or lighting level of detail
depending on the client requests. After each data reception, the client performs some processes on the
illumination structure and on the progressive mesh before uploading them onthe GPU. Moreover, our
approach allows to interleave geometric and lighting data when transmitting the scene from the server
to the client. This offers a very smooth progressive visualization until the desired quality is reached.

Streaming of Irradiance Vector Grid

A classical solution for the progressive transfer of the texture is to use ahierarchical decomposi-
tion based on recursive basis functions such as wavelets. However, toreconstruct each hierarchical
level, this decomposition technique requires waiting for the reception of all corresponding detail co-
efficients. Thus, the time required to obtain each new resolution level is growing with its size. We
propose here an alternative approach, which allows the transmission of constant size bundles of vox-
els.
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(a) (b) (c)

Fig. 3.7:Comparison of indirect illumination reconstructed on the right side of the dragon (a) without our push-
pull algorithm, (b) with and (c) with a push-pull algorithm without smoothing. The grid dimension
is 16×16×16 and half of the vertices have been transferred. The push-pull process has filled the
darker regions of the dragon with smooth indirect illumination.

The transmission is initialized by transferring the eight corners of the grid. Then, each client
request consists of a constant number of irradiance vectors. Notice that the number of irradiance
vectors per request can be dynamically set depending on the client GPU/CPU capabilities as well as
the network bandwidth and reliability. To get a smooth global update of the indirect illumination,
we have implemented a stratified random sampling of the grid. In our current implementation, the
grid is divided in a set of slices along its longest axis. Then, at each clientrequest, the server sends
the requested number of irradiance vectors. The locations of the irradiance vectors are randomly
distributed on each slice.

Unfortunately, when streaming the IVG, some illumination holes may appear until the grid has
been fully transferred. This comes from the fact that the incomplete grid holds invalid irradiance
vectors at some locations. We have adapted a 3D push-pull algorithm to fill the missing irradiance
vectors with smooth data interpolation (cf. Figure 3.7). Notice that our push-pull algorithm does not
modify any received data. To get smoother results, we apply after each push step a pyramidal filter
to the current grid level. Finally, the push-pull process can be skipped ifthe client has limited CPU
capabilities. Therefore, the minimal hardware requirement for our client isprogrammable graphics
hardware with 3D texture support.

The direction and color of each irradiance vector (cf. Section 3.2.4) is sent either in floating point
format or quantized. Our experimentations have shown that using quantization reduces the transfer
time by a factor of about 2.5 without introducing any visible artefact. Indeed, for the scene presented
in Figure 3.8, the mean difference between an image reconstructed with and without quantization is
only 0.008% inLab color space. Obviously, the dequantization process must be performed on the
client side in order to perform the push-pull steps, but the resulting overhead is very small (cf. the
chart of Figure 3.9).

Results

We have tested our remote 3D visualization system with an Intel Q6600 with 4GB memory as a
server and an Intel Pentium M 2.26Ghz with 2GB memory as a client. We have measured all network
transmission times on a 802.11g WiFi network. Each measurement has been repeated and averaged.

One main advantage of our separation between the illumination structure and thegeometry struc-
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(a) (b) (c) (d)
0.2% mesh, no IVG 0.2% mesh, 25% IVG 2% mesh, 25% IVG 100% mesh,100% IVG

Fig. 3.8:Our client/server visualization system to stream alternatively geometry and lighting. (a) A scene
with 0.2% of the geometry transferred and only direct illumination (without shadows). (b) The same
amount of geometry with 25% indirect illumination transferred: color bleeding effects are now in-
cluded, like on the surface of the Buddha oriented toward thered wall that appears redder. (c) Further
refinement of the geometry (2%). (d) Full-resolution geometry (50 MB) and full-resolution (1 MB)
irradiance vector grid. This scene runs at 50fps on a NVIDIA GeForce Go 7800 GTX.

ture is that the client adapts its data refinement demands according to both hardware and network
capabilities. The classical strategy that offers the smoothest progressive visualization is to use an
interleave streaming of illumination and of geometry (cf. Figure 3.8). Our tests show that the client
frame-rate remains constant, when updating either the geometry or the illuminationgrid on the GPU.
Therefore our system provides a real-time and continuous feedback to the client. Moreover, for a
given scene, we did not measure any frame-rate performance penalty when introducing the illumina-
tion grid.

We have tested both the streaming of quantized and floating point grids. As expected, the network
transfer time is reduced when using a quantized grid (cf. black curve on the two graphs of Figure 3.9).
Moreover, the comparison of the two red curves of Figure 3.9 demonstrates that the data dequanti-
zation process is very small (approximately 4%). This dequantization step is required to perform the
push-pull algorithm without introducing numerical errors. The time spent on the push-pull algorithm
is constant per grid size, but the number of push-pull processes depends on the number of client re-
quests. Therefore, the packet size has to be chosen carefully depending on client/server and network
capacities. According to Figure 3.9, when using a 32×32×32 quantized illumination grid, the ap-
propriate packet size is reached when asking approximately 100 samples per slice (the corresponding
abscissa when the black curve crosses the blue curve). Finally, as illustrated in Figure 3.10, most
of the computation overhead is due to the smoothing pass of the 3D push-pull algorithm. However,
depending on client capabilities, this step can be skipped and as shown in Figure 3.7, the penalty on
quality remains small.
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Fig. 3.9:Downloading time for the complete illumination grid (32×32×32) with different buffer sizes. The
size of the floating point grid is3 MB and the size of the quantized grid is1.3 MB. The processing
includes the dequantization process and the copy to CPU memory.
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Fig. 3.10:Comparison of downloading time with and without smoothing during the push-pull step for a quan-
tized 32× 32× 32 grid. The smoothing represents 80% of the total time spentfor the push-pull
process.

3.3.3 Caching

Our Irradiance Vertex Grid can improve software global illumination. As it provides a smooth spatial
and directional reconstruction of irradiance vectors, it can be directly used for diffuse indirect illumi-
nation, without propagating secondary rays for final gather. Direct use of cached values could be done
using existing techniques [WRC88, KBPŽ06] but they do not guarantee acontinuous reconstruction
of the indirect illumination. Moreover, as they do not offer geometry robustness, these techniques re-
quire a large number of samples for highly-detailed geometry, in order to provide accurate estimation.

A final usage of our Irradiance Vector Grid is to be employed as an efficient caching structure
for stochastic approaches. For instance, as done with photon mapping, our grid may be accessed
indirectly by shooting secondary rays from points being shaded. The mainadvantage is that high-
frequency details such as indirect soft shadows are well preserved, and that reconstruction errors
are masked since a diffuse or low-glossy reflection is similar to a low-pass filter [DHS+05]. So, a
simple trilinear spatial interpolation provides a good compromise between speedand quality. All the
following results have been computed on an AMD 64bit 3500+ processor with 2GB of memory.

To evaluate our approach, we present two test scenes with complex lighting.The first configu-
ration (Figure 3.11) presents a scene mainly directly illuminated from 11 light sources. The second
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Precomputation: 201s Precomputation: 252s
Rendering: 1,341s (51s) Rendering: 6,618s (5,527s)

Fig. 3.11:Scene with mostly direct illumination case. 16 rays per pixel were used. 5 M photons shot. (left) Our
technique with a 40×50×40 uncompressed grid (24.5 MB) used directly with a tricubicinterpolation
scheme. (Center) Photon mapping with Christensen’s Cache using 50 photons of the 5 M (124 MB)
stored where used to precompute each irradiance sample. (right) Reference solution obtained by
Path-Tracing with 1600 rays per pixel. The overall illumination is similar in all three techniques,
however our much faster indirect illumination computation(51s vs. 5527s) strongly reduces the
total rendering time (1341s vs. 6618s).

one (Figure 3.12) is a classical two-room configuration where one roomis indirectly illuminated by a
light source placed in the other room. Both scenes have more than 8 million polygons due the highly
detailed objects. They illustrate the geometric robustness of our approach.

We compare our technique to photon mapping combined with Christensen’s [Chr99] precom-
puted samples. Precomputation time for our technique involves shooting photons and accumulating
their contribution in the grid, and for Christensen’s it involves shooting photons, balancing the kd-
tree, and precomputing irradiance. For all images generated with Christensen’s method, we set the
number of precomputed samples to be one fourth of the total number of photonhits, as originally
suggested [Chr99].

Figure 3.11 compares the results obtained with our technique and Christensen’s for direct lighting
configuration. For fair comparison, a reference solution has been computed with a high density (1600
rays per pixel) Path-Tracing algorithm. For equivalent precomputation times, our technique allows a
much faster computation (51s vs. 5527s) of the indirect component of the illumination due to direct
access to the cached values. In our technique, the final gathering step spends most of its time com-
puting ray-geometry intersections and direct illumination, while Christensen’scache requires casting
a large number of additional gathering rays, since direct access produces very objectionable illumi-
nation patterns with zones of constant irradiance similar to Voronoi diagrams. This is a well-known
artefact [Chr99] preventing direct access to cached irradiance.

For the indirect lighting configuration presented in Figure 3.12, we perform a direct access to our
structure but to capture finer shadows cast by the columns, a higher-resolution grid (30×20×92) was
built and consequently a larger number of photons needed to be shot. Thisresulted in a much larger
precomputation time but our method with direct access is still much faster (2,311s vs. 47,971s) than
Christensen’s caching technique for a similar quality.

Alternatively, we have also tested our technique with an indirect access (cf. Figure 3.12) to the
cached values by using a lower resolution grid (12×8×20) traversed by the same number of photons
as with Christensen’s method. Our technique reduces both precomputation time(150s vs. 466s)
and reconstruction time of the indirect illumination (2,376s vs. 10,050s), while retaining similar
illumination features. Access time to our grid is constant in the number of the cached samples instead
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Precomputation: 2,270s Precomputation: 466s Precomputation: 150s
Rendering: 41s (13s) Rendering: 47,505s (10,050s) Rendering: 37,692s (2,376s)

Fig. 3.12:Scene with mostly indirect illumination. (left) Our technique using directly a 30×20×92 an un-
compressed grid (11.4 MB) constructed with 80 M photons. (Center) Christensen’s method refer-
ence image with 3200 rays to sample the hemisphere and 5 M photons stored (124 MB). (right)
Our technique using indirectly a 12×8×20 uncompressed grid (590 KB) with the same number of
photons shot and the same number of rays to sample the hemisphere.

of being logarithmic as with a kd-tree [Chr99, CB04] which explains these gains.

3.4 Conclusion

In this chapter, we have introduced a new representation for indirect illumination. Based on geometry-
independent grids (2D for quasi-planar surfaces and 3D for generic surfaces) and vector irradiance,
this approach is well suited for rendering complex scenes with global illumination. Our structure
is robust to simplification techniques with appearance preservation. To demonstrate this point, we
have integrated our structure with geometry streaming techniques in a remote visualization system to
quickly provide global illumination effects for complex geometries. Furthermore, the transfer time
overhead induced by our structure is very small as well as the overheadon the performance at render-
ing time.

We have also implemented this structure both as a 3D texture for indirect illuminationon the GPU
and as a caching scheme for Photon Mapping. The results show that diffuse inter-reflections are well
captured. Compared to existing solutions, our approach requires fewercached samples for higher-
quality cached indirect lighting. Additionally, it does not require any photonstorage. Furthermore,
our irradiance cache can be directly accessed during the final gathering pass.

Based on these first validations, we have to accelerate the precomputation of our structure, since
we do not take currently into account the high coherency of the sample paths. This development has
also to take into account the generalization of parallel architectures (clusters, massively multi-core
processors such as GPU [SCS+08]). Such improvements would result in more interactive modification
in 3D scenes, required for user-edition.

Furthermore, more robust directional basis for vector representations(see some investigations in
Appendix B) would improve the interpolation scheme and provide a more accurate solution. Since the
current scheme is based on linear interpolation, some artefacts may appearfor complex variations of
illumination. The introduction of gradients might also improve the smoothness of thereconstruction
where incoming illumination varies quickly.

And finally, the irradiance vectors are currently evaluated on regular grids. Identifying proper
resolutions for the grid and the number of photons to shoot requires a good understanding of the
illumination effects. A more automatic estimate would facilitate the integration of this technique. For
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large scenes, multiresolution and adaptive structures would reduce the construction cost. This will
also allow better capture of indirect illumination near surfaces.

In this chapter, we have presented a limited set of applications and estimations methods for our
vector representation. I believe that such an approach could be extended to a larger range of ap-
plications, like radiosity methods, ambient occlusion (cf. Appendix B), more glossy and specular
reflections and vector reflectance. For such extension, I believe that avector representation could
improve the visual accuracy, by reducing the dependency toward the geometry.

But the most important extension is the finalization of this work for user-edition. Intuitively,
this representation is similar to a field of directional light sources that we are used to manipulate in
Computer Graphics [TL04]. This was our original goal that has still to be realized. The idea would
be to locally adjust the colored intensity and direction of an irradiance vector, and to propagate this
modification in the grid by minimizing the change with original solutions. This minimization process
might help in preserving the global coherency of the illumination.
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Chapter 4

Conclusion & Future Research

Along this document, we have explored the different steps that are usuallyrequired for image synthe-
sis, from modeling to rendering. The main focus of this exploration was to takeas much as possible
users into account during the development of the underlying representations. Indeed, the main differ-
ence between Computer Graphics and simulation, as said in the introduction, is the creative aspect:
final images have to be as close as possible to user desires. In this conclusion, I summary the resulting
contributions and introduced the general approach for my future researches.

4.1 Contributions

The creation of 3D images relies first on the definition of a collection of 3D models and on their
relative positioning. For this purpose we have proposed a newsketch-based modeling toolfor 3D
meshes extending the use of shape curves from silhouettes to profile. To ease the use of such modeling
tools, we have exposed intuitively all the different steps of the reconstruction process together with the
underlying representation, leading to a multi-view interface. We have also explored the use of such
modeling tools when users are standing in front of large displays. From these contributions, one main
conclusion is that one way of creating intuitive tools is to create hybrid solutions using 2D interactions
for resulting 3D objects.

Once the object geometry is defined, users have to work on designing its appearance which is the
result of light interaction with the underlying reflective material and geometry. We have thus intro-
duced a newBRDF model and its modeling toolsto extend the range of possible lighting effects.
This model is defined to allow real-time sketching and painting metaphors for BRDF design. A lobe of
our BRDF is represented with a polar curve for its shape and a texture forits color gradient and for pre-
cise shape enhancement. Since the object shape participate also the shading perception [VLD07], we
have also introduced ashape descriptorto extract continuous information of convexity and curved-
ness based on a combination of object-space and image-space techniques. This real-time analysis is
used to re-introduce them in different shading styles.

Finally, we have introduced a new lighting representation that may potentially beused for user edi-
tion of global illumination. This representation is based on aregular grid of vector quantities storing
the incoming lighting. The combination of volumetric and vector representation make it suitable for
all algorithms that have to deal with the geometric complexity of a 3D scene. We have experimented
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it for GPU rendering, 3D streaming with illumination and illumination caching.
All these contributions lead to some further researches for both improvements of the presented

techniques and for their extensions to other applicative domains. Their specific limitations have been
discussed in the conclusions of the related chapters. Despite the main common limitation that is, the
lack of user study to evaluate the user efficiency in a creative context, webelieve that the presented
research approach provide and will provide useful materials for further investigations and validations
in cognition and perception. These materials consist in a collection of tools andvisual effects that can
be use to design new experimentations. Despite this potential, such investigations are complex and
long to perform by scientists from Computer Graphics: they require skillful specialists in cognition
and perception, and in the design of such analysis. Nevertheless, we need reciprocally to take more
into account the results issued from these scientific domains, in order to enhance the legibility of
computed images, or to save some computation. Collaborations with these domains would thus be
more based on exchanges than on common work.

4.2 Future Research: General Approach

All the results presented in this document are issued from a same approach: the first step of any new
development is to precisely define the controls that could be provided to users, even if the resulting
representations are potentially used in a wider range of contexts. We will continue to explore the
solutions that could emerge from this approach, taking into account that nowadays, techniques issued
from Computer Graphics are used in a large variety of domains. For a personal point of view, I will
mainly focus onrendering modelsand correspondingacquisition systems.

4.2.1 User-centric Computer Graphics: Definition of Contexts

Who are the users? Due to this large variety of domains, the generic term of users hide in fact an
amazing variety of persons and applicative contexts. In the current document, artists [Sei99] were
considered as the most representative and specific users for ComputerGraphics: they are character-
ized by a need of freedom to be creative and their skills due to generally long training in using the
required tools. But a lot of works in Computer Graphics focus more on scientific users: they are
characterized by a large requirement in quantitative accuracy that leadsto the development of faithful
simulations like in global illumination. With the increasing presence of computer everywhere, the
focus can not be anymore these only assumptions and more diversified users have to be considered:
their skills are different depending their habits and trainings, common usersoften need simplified
but more constraining tools to start any process in order to reach some average correct results; some
specific domains require the introduction of new expectations, skills and experience that characterize
their users.

What users want to see? Since the main aim of Computer Graphics is in the production of images
to be seen, this is the first question to ask in order to precisely define what stand for this term of
"users". Depending on the context, users would probably want to see some as precise as possible
results for a simulation, or some only realistic-looking solutions when the precision is not required,
or fully detailed images independently on the rendering style. When it comes to application like
scientific visualization, the goal is transferred from realism to legibility and expressivity: the resulting
images could guide users to explore and visually extract some specific information of 3D world.
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What users want to do? To extend the definition of who are the users, this question has to be also
asked. Since Computer Graphics is becoming present in a large part of our everyday life, the goals
of the developed applications have to be clearly defined. The development of a unique approach is
quasi-impossible, and each solution has to be adapted to the specificities of each context. For scientific
applications, the goals could be to compute a simulation, to create a demonstration, toexplore or to
illustrate some results. The main user concern is the precision, and the possibility to adjust it. Some
users could be concerned by an efficient communication of visual information, like for education and
teaching, for public presentation of scientific results. A large part of potential users are still interested
in the gaming possibility offered by Computer Graphics: they are mainly concern by visually pleasant
images and/or interactivity. For more specialized and trained users, they might wish to be creative:
the main goal is to obtain the desired result and thus, reducing the freedom by too strong physical
constraints can lead to the impossibility to reach this result.

Hybrid 2D/3D approaches. Once users with their goals, expectations and skills are well defined,
they can be integrated into a Computer Graphics processing loop. To this purpose, interactions with
the future algorithms have to be defined before. They will thus be based onhybrid approaches: the
final results have to be 3D, and since 2D seems for easier interaction sinceI believe that they are
generally more convenient due to the required support (like a tablet, touch-screen, surface, ...) and
that accurate positioning in 3D rely on accurate visualization system that aredifficult to build.

4.2.2 Getting away from Physics

In creative and visualization contexts, easy controls and legible rendering are more important than
accurate physical simulations. Even more, a perfectly accurate and physical correct result without
any control can be creatively frustrating. To achieve these goals, the physical constraints have to be
weakened to increase users’ freedom. As an example, I more and more donot believe that BRDF is
the appropriate representation of lighting interaction for Computer Graphics: its underlying physical
assumptions introduce too many constraints even for some realistic renderings.

This freedom does not mean the complete lack of constraints in developments for Computer
Graphics. The main one is the definition of efficient controls before any new development. These
controls have to take advantage of the knowledges and abilities of specific users, and more important,
the effects of each control have to be easily identifiable: when it is possible, similar parameters with
contradictory effects have to be prohibited.

This freedom does not always mean the complete lack of realism. Dependingon the context, con-
trols have to help users in creating plausible behaviors. A good trade-offbetween freedom, context
and control has to be thus defined. I believe that plausibility might be preserved in editing existing
materials and models: it might be extracted from the original representation and reported in the mod-
ified one by minimizing the changes due to users’ edition. Another approach isto precisely define
what the meaning of plausible behaviors is, and to integrate these definitions inthe development of
specific models.

To help users in understanding the controls and underlying processes,legible visual feedbacks
have to be used to communicate some internal information. Expressive rendering can also help in
enhancing the presentation to users of some characteristic features of 3Dworld and results in order
to guide and help their exploration. Such a rendering can also be used to emphasize some non-
quantitative information in-between 3D models.
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4.2.3 Falling back into Physics

Interestingly, this move away from physics and the required definition of pertinent and understand-
able controls leads to and requires a better understanding of the phenomenathemselves. This better
understanding and the resulting representations also result in the development of more efficient algo-
rithms for simulation, as illustrated in Section 3. This remark can be extended to Computer Graphics
in general: this recent applicative domain relies on a large range of different sciences from traditional
ones such as mathematics, physics, optics ... to human sciences such as cognitive science. For and
from all these sciences, it creates a new context for classical simulation problems, resulting in new
problems, approaches and solutions. The experience and knowledge gained in defining user-friendly
algorithms can thus be reintroduced back into simulations.

More important accuracy is one of the possible desire and required control for some users. In such
context, the physical constraint cannot be weakened to achieve a full simulation of some phenomena.
More generally, when interaction with the real world or realism is a requirement of a given context
(like for augmented reality or acquisition in general), physics is still required, mostly for the integra-
tion or the transformation of the real world into virtual images. This leads to the current development
of a new trend in Computer Graphics, called Computational Optics.

Form a user point of view, Computational Optics acts as an interface between real and virtual
worlds. Using optical systems makes possible to bring reality into virtual world and to project virtual
word on the real one. Due to their interactions with real world, physical accuracy is one of the main
concerns of such systems.

4.2.4 Personal Involvements

Over all the possible challenges in computer graphics and after my personal exploration of the differ-
ent image synthesis steps, I will refocus my research on two topics: rendering models and acquisition
systems.

Since the early days of Computer Graphics, rendering techniques wherefocused on physical sim-
ulation. But as shown in this document and in Section 4.2.2, the major requirement is to provide users
with as intuitive and expressive as possible tools, based on their specific abilities. Not that intuitive
do not mean that the tools have to be immediately understandable, but that their effects have to pro-
duce identifiable actions. Our works on shape depiction through shading [VBGS08a, VPB+09] have
to be extended to more users’ controls, explored in different applicativecontexts and improved both
in term of accuracy on analysis and in perception of shape and materials. Our researches on BRDF
models have shown that getting away from pure physical simulation can still lead to plausible behav-
iors: new lighting representations and corresponding controls have to bedeveloped. More generally,
a large amount of research still need to be performed in order to reach full control on the different and
complex aspects of shading (e.g., local vs. global, indirect vs. direct, shadows, level of expressivity
...).

The most important challenge is the second one: acquisition systems. Since one of the historical
goal of Computer Graphics was to provide realistic images, and since the modeling and computational
efforts have shown their limits in expressing all the amazing complexity of real worlds, we rely more
and more on models issues from our understanding of reality, and in acquisition to bring this reality
into virtuality, and how to combine them. As said in the previous Section, the main challenge is to
develop some systems that act as interface between our world and our virtual models. These systems
have to be adapted to the different requirements of different users, leading to the development of
specific models and physical devices for each of the resulting contexts: the definition of expected
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quality and the use of acquired models could vary over these different requirements.

4.3 Specific Context: Cultural Heritage

Over all the possible contexts, one has particularly raised my interest: Cultural Heritage. Surprisingly,
the highly recent and fast evolving domain of Computer Graphics and the needs of cultural heritage
that are, the need of preservation of the past, the need of propagation of this heritage and the need of
understanding our heritage, both of them converge toward some common research problems. Inter-
estingly, the users’ needs in Cultural Heritage are very different and mostly span in the whole range
of possibilities discussed in the previous section.

Accurate Modeling for Preservation and Evaluation: One of the first concerns in Cultural Her-
itage is its preservation to transmit our history to the next generations. Due to the increasing human
pressure on environment and the natural degradation of relics, real preservation is not always a pos-
sible choice. In this context, numeric preservation could be one solution if theacquisition techniques
and the required processing are sufficient accurate to be trusted. Notethat database management has
also to be taken into account, but the required knowledge is out of the scope of Computer Graphics.
Moreover, Computer Graphics scientists can help in providing accurate simulations to reconstruct the
past, and to thus evaluate different hypotheses.

Efficient Rendering for Presentation: Cultural Heritage belongs to humankind and cannot be only
archived: it needs to be shared and transmitted. Computer Graphics can naturally participate to this
diffusion in two contexts. The first one deal with the exchanges between scientists: illustrations,
animations, and 3D models have to participate into the elaboration or the demonstration of certain
hypotheses. To extend the impact of Cultural Heritage, most of the results have also to be publicly
presented and used in, classically, museums and in leisure industry like tourism and Serious Games.
This second context requires interactivity for which the accuracy constraints are often weakened to
realism and replaced by fast feedbacks to users.

Interaction and Expressive Rendering for Exploration: Users issued from Cultural Heritage need
to explore the archived data and different hypotheses for reconstructing the past. To explore this
space, they need to be able to visualize concurrently different contextual information: an example, to
understand the history of an ancient city, they may want to visualize of course its 3D reconstruction,
but also the function and age of each building. They may also need to be ableto visualize differently
certain and uncertain reconstructions. All these manipulations for non Computer Graphics experts
lead to the development of new interaction tools and visualization style such as Expressive Rendering.
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Appendix A

Global Control on Colored Reflection

Color representations of illuminants (e.g., light sources) and reflectance are widely used in computer
graphics. Since they have been designed to fit the color perception of our visual system, they have
multiple advantages. First, they are the most compact representation for storing an image. Then, from
digital camera to display, every system is color-based (mostly RGB). Secondly, they are easy to select
or design.

As a consequence, these color representations are also used for the reflection computation, done
by a component-wise multiplication. But unfortunately, since these color are only a projection of
real-world spectra, and since the resulting color component are not orthogonal (see Figure A.1), this
results in a coarse approximation. The most visible effect, is the lost of colorwhen the illuminant and
the reflectance are very different color (e.g., red light-source time blue reflectance). One can expect
to have some transfers from one component to another during the reflection in order to still preserve
the overall appearance.

Many solutions have been introduced to compensate for the restriction of thecurrent trichromatic
color-based reflection model: new color bases [Pee91], color transformations [FDF94, DF00, DF02,
WEV02], spectral estimation from color [Gla89b, SFCD99, Smi99]. The most accurate solution is
to process the full rendering pipeline with a spectral representation of light[RF91, IP00, ZCB98],
but suffer from the data availability. All these solutions induce a large change of the current render-
ing process, and also modify the reflection behavior under a standard color illuminant. Moreover,
they do not allow any control the global behavior of the reflection. We thusintroduce a new color
operator [GD04a] in this chapter as a first step toward this achievement.

A.1 Motivations

Our main goal is to provide some controls on the global behavior of reflections with a smooth tran-
sition from the current model. With such approach, users can do a smooth transition from standard
reflection model to the new one. With these new controls users can modify the lighting of the scene at
three levels: (i) designing the material properties of the surfaces, (ii) designing the light sources, and
now, (iii) globally controlling how much reflections preserve color appearance of light and materials.
We introduce only this last control. Note that, this third control level is even more important in global
illumination since the resulting color of a surface depends on multiple bounces oflight.
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Fig. A.1: The three color matching functions used to project spectra into the ISO RGB color space.

Fig. A.2: Digital Image Color Flow[SBS99]. In the first and last space,the color definitions are specific to the
devices and to the manufacturers. In theSensor Space, images are acquired and the color represen-
tations depend on the sensor characteristics. In theOutput Space, images are finally rendered (e.g.
on a RGB display or a CMY/CMYK printer). In theRendered Space, the colors are transformed in
order to be as close as possible to the ones available on the output device (e.g., tone-mapping). In the
Unrendered Space, the color still contains its high-dynamic range information and can thus be easily
transformed.

Our second goal is to be completely compatible with the current approach, that is,

◦ we want to keep the entire process in a unique trichromatic color representation, use along all
the rendering process. For efficiency reason, we want to prevent un-needed transformations
between color spaces. Here, we assume that the input data of most of the rendering systems
is, and will be, color-based (images from cameras, scanners, etc.), similar to the output devices
(considering LCD/CRT displays).

◦ We want to provide the same results forconstantcolored illuminants or materials (i.e., the illu-
minant color is(k,k,k) with k, 0). With such condition, users keep the exactly same approach
to design light sources and surface properties independently, with the guaranty of a similar
behavior under usual color illuminants (i.e., close toconstant).

◦ We want to provide smooth transition from current reflection model to the newone.

◦ We want the new approach to introduce only minimal changes in current rendering systems.

Note that, with this model, we do not try to bring the richness and the accuracy of a full spectral
rendering since the spectral definition of surface and light sources is rarely provided. Our goal is
to reach a better behavior of reflections that is, preserving the color appearance, and preventing un-
wanted color disappearance - like for example green surface reflectingred light. Our goal is not to
provide a transformation to spectra, for spectral rendering, since it willbreak the simple integration to
existing rendering process.
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Contributions

We propose to only change the operators describing the interaction of light and surface reflectance
and to keep them commutative. It is desirable to introduce minimal changes to existing rendering
systems. These operators span in the Unrendered Color Space (see Figure A.2), where the reflections
are processed.

A.2 Previous Work

Most rendering systems use an RGB1 color space as their Unrendered Space, since the input data -
acquired by a camera or any other imaging device, or defined by a user - isusually only RGB color
information, since the visualization output is in general an RGB display. Keeping the computation in
this color space prevents to perform color space conversions.

Unfortunately, current rendering systems evaluate the light reflection ona surface by a component-
wise multiplication. This fast scalar reflection is correct only for a constantilluminant, and for colors
defined by normalized color matching functions, as shown in [Bor91]. As aresult, some color in-
formation can be lost. For example, a blue wall can appear black under a yellow illuminant. This
can be particularly apparent in global illumination algorithms since they take into account multiple
reflections of light.

This issue is due to the fact that the color matching functions are overlappingand that they are
not orthogonal. With the "Spectral Sharpening" approach [FDF94, DF00, DF02], it is possible to find
the “sharpest” functions obtained by a linear combination of the original color matching functions. In
this basis, the component-wise multiplication for the reflection is valid for a largercolor range.

A commonly chosen solution to improve the reflection behavior is to use an appropriate spec-
tral representation of lights and surface materials. Typically, a fine samplingof the spectral dis-
tribution is used. With their error-bound approach, Zeghers et al. [ZCB98] have shown that, in
a diffuse environment, a global illumination result can be achieved with only four well- selected
spectral samples without any visual difference. Such spectral approaches provide very precise re-
sults, including effects like color dispersion, reflections and interferences through a layered material
[SFCD99, IA00, HKYM00, HKYM01] at the expense of a higher computational cost. In order to
reduce the requirements of memory and computation, Iehl et al. [IP00] have developed a hierarchical
model. They use an adaptive hierarchical representation for the spectral distribution. The appro-
priate hierarchical level to perform a given reflection is chosen basedon some perceptual metrics.
Raso et al. [RF91] have presented a piecewise polynomial approximation.All these methods are usu-
ally too costly compared to the standard reflection model. Peercy [Pee91], with a generalized linear
approach, has proven that in general, three basis functions are sufficient for image synthesis.

The main problem of spectral rendering is the availability of the input data. Ingeneral, and in our
context, only a trichromatic color description is provided. Several approaches have been introduced
to retrieve a spectral distribution from colors. The idea is to find a good spectral representation for
a metamer (i.e. a family of spectra that are projected to the same color). The three lowest Fourier
functions [Gla89b] and exponential functions [SFCD99] have been proposed since their variations are
similar to the ones of color matching functions. With this approach, the retrievedspectra can have
negative parts. In order to have only positive coefficients, Smits [Smi99] introduced an approach
based on linear combinations of the spectral distribution representing 7 basic metamers (white, cyan,
magenta, yellow, red, green, blue). This approach is the closest relatedto our goal. Unfortunately,

1We will use RGB in this document but our approach can be applied to similar thrichromatic color spaces like XYZ.
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none of the previous methods guarantees a coherent behavior with the current rendering schemes
under commonly used color illuminants.

Some recent work on shaders [Sta99, SFDC00] and on BRDFs [GH03]has shown that complex
reflections can be obtained without a fine spectral sampling. Also, Peercy[Pee91] has shown that
only three components are sufficient in the general case. Thus, we believe that a color reflection
approach is still the most suitable solution for image synthesis, if we can globallycontrol the behavior
of color reflection. Our goal is to provide a general approach that keeps the color definition of all
material properties unchanged, but that better preserves the color information under non-standard
color illuminants.

A.3 Bilinear Reflection Model

The transformation from a spectral distributionS(λ ) to a color representation (metamer)[Sc]c∈{r,g,b}
is controlled by the color matching functions{b̄c(λ ) ,c∈ {r,g,b}}:

∀c∈ {r,g,b}, Sc =
〈

b̄c,S
〉

,

where〈 f ,g〉= ∫

f g denotes the usual dot product for function spaces.
This can be interpreted as an orthogonal projection into a color basis{bc(λ ) , c∈ {r,g,b}}. With

this assumption, we can convert any color(Cr ,Cg,Cb) into a spectral representative of the correspond-
ing metamer:

C(λ ) = ∑
c

Ccbc(λ ) .

Thus, given a color-version of incoming lighting(Lr(sss←ωωω i),Lg(sss←ωωω i),Lb(sss←ωωω i)) and a color-
version of a BRDF(ρr(sss→ωωωo,sss←ωωω i),ρg(sss→ωωωo,sss←ωωω i),ρb(sss→ωωωo,sss←ωωω i)), we can reconstruct
their spectral representatives:

L(λ ,sss←ωωω i)=∑cLc(sss←ωωω i)bc(λ )
ρ (λ ,sss→ωωωo,sss←ωωω i)=∑c ρc(sss→ωωωo,sss←ωωω i)bc(λ )

, (A.1)

using the notation illustrated in Figure 3.1.
Using these spectral representatives, the reflection on the surface is given by L(λ ,sss→ ωωωo) =

L(λ ,sss←ωωω i)ρ(λ ,sss→ωωωo,sss←ωωω i), and its corresponding color is

CCC(sss→ωωωo) =





〈

L(.,sss→ωωωo), b̄r
〉

〈

L(.,sss→ωωωo), b̄g
〉

〈

L(.,sss→ωωωo), b̄b
〉



 . (A.2)

By combining the Equations A.2 and A.1, we obtain a bilinear expression, similar to[Zmu92]:
∀c∈ {r,g,b}

Cc(sss→ωωωo) = ∑
d

∑
e

Ld(sss←ωωω i)ρe(sss→ωωωo,sss←ωωω i)k
c
d,e,

In this equation, the 27 coefficientskc
d,e are defined by

kc
d,e =

〈

bdbe, b̄c
〉

. (A.3)

In fact, for symmetry reasons
kc

d,e = kc
e,d, (A.4)
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the degrees of freedom for selecting these coefficients are reduced to18.
This Equation A.3 defines a new reflection model that can be expressed bya matrix multiplication:

CCC(sss→ωωωo) = RRR(sss→ωωωo,sss←ωωω i)





Lr (sss←ωωω i)
Lg(sss←ωωω i)
Lb(sss←ωωω i)



 , (A.5)

where the matrix RRR(sss→ωωωo,sss←ωωω i) is defined as

RRR(sss→ωωωo,sss←ωωω i) = ∑
e

ρe(sss→ωωωo,sss←ωωω i)KKKe, (A.6)

with KKKe =





kr
e,r kr

e,g kr
e,b

kg
e,r kg

e,g kg
e,b

kb
e,r kb

e,g kb
e,b



 .

A.4 New Reflection Operators

In order to reduce the required changes in current rendering systems, we introduce a new definition
for the multiplication and division operators on trichromatic colors, and use them to define our new
reflection approach. This has also been similarly introduced by Bergner et al. [BDM09].

A.4.1 New Color-Space Operators

The principal advantage of the model detailed in Equation A.5 is that the reflectance property and
the light can still commute, thanks to the symmetry property of the coefficientskc

d,e. Hence, we can
redefine a multiplication on colors (denoted by⊗) by

CCC =CCC1⊗CCC2 =
[

∑CCC1
eKKKe
]

CCC2 =CCC2⊗CCC1.

Moreover, a division operator on colors (denoted by⊘) can similarly be introduced:

CCC2 =CCC⊘CCC1 =
[

∑CCC1
eKKKe
]−1

CCC, (A.7)

when the corresponding matrix is not singular, that is,

det
[

∑CCCeKKKe
]

= 0.

This is a third degree polynomial equation withCr , Cg andCb as unknowns. It defines a curved surface
in color space. However, we note that when all three KKKe matrices are non-singular, we can divide by a
purely red, green or blue color, which is not the case when using the classical component-wise color
multiplication.2 We will further discuss this issue in the particular case of the ISO RGB color base in
Section A.5.3.

2This classical approach corresponds to three singular matrices, wherekc
d,e = 1 if c = d = eandkc

d,e = 0 otherwise.
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A.4.2 New Color Reflectance Model

Equation A.5 can now be rewritten as

CCC(sss→ωωωo) =





ρr (sss→ωωωo,sss←ωωω i)
ρg(sss→ωωωo,sss←ωωω i)
ρb(sss→ωωωo,sss←ωωω i)



⊗





Lr (sss←ωωω i)
Lg(sss←ωωω i)
Lb(sss←ωωω i)



 . (A.8)

Using this formulation, the reflection computation remains a three-step process:
1. Evaluation of the absorption[ρc(sss→ωωωo,sss←ωωω i)]c∈{r,g,b}
2. Evaluation of the incident light

[

Li
c(ωωω i)

]

c∈{r,g,b}
3. Computation of the reflection using Equation A.8.

To implement this reflection model in an existing rendering system, only the color multiplication
operator has to be rewritten.

Note that in complex shading, most of the time is spent in the first reflection step (i.e., comput-
ing the reflectance color [GH03]) or in the second step (like for radiosity algorithms [Ash94]). Our
approach requires changing only the third step (i.e. the multiplication of incominglight with the
reflectance color), and thus introduces only a small overhead.

A.4.3 Possible Simplifications

Our new reflection model can be simplified in most cases. For the diffuse case, the matrix RRR (see
Equation A.6) is now direction-independent. Hence, it can be evaluated once and stored as the material
description.

Moreover, it is often the case that the BRDF directional properties are independent of the color
component, that is,∀c ∈ {r,g,b} ρc(sss→ ωωωo,sss← ωωω i) = f (sss→ ωωωo,sss← ωωω i)ρc. In such cases (e.g.
Phong’s specular lobe [Pho75]), a direction-independent matrix RRR can also be pre-computed, based
on the reflection coefficients[ρc]c∈{r,g,b}. Hence, the Equation A.5 can be simplified to

CCC(sss→ωωωo) = ρ (sss→ωωωo,sss←ωωω i)RRR





Lr (sss←ωωω i)
Lg(sss←ωωω i)
Lb(sss←ωωω i)



 .

The coefficientskc
d,e give us an easy way to convert the color representation of a BRDF, andto

extend the reflection model to more general cases.

A.5 Coefficients Estimation:kc
d,e

Estimating these coefficients from a set of color matching functions is a two-step process. We first
introduce a coherent behavior condition that allows our approach to matchthe required reflection
behavior for aconstantlight source. We then present how to compute an approximation based on a
regular sampling of the color matching functions. This first approximation is then minimized in order
fit the coherent behavior condition.

A.5.1 Coherent Behavior Condition

As previously stated, when the color matching functions are normalized, the regular reflection
model provides the correct reflected color under aconstant illuminant (i.e., a white or gray
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illuminant)[Bor91]. For a user point of view, this means that the reflected color is equal to the surface
reflectance under aconstantlight. Even if the color space is not normalized, we want to maintain
this property in order to provide a behavior that is coherent with the current model. The reflectance
multiplied by aconstantlight is simply itself, but scaled by the light intensity, leading to the following
equation (with III being the identity matrix):

KKKr +KKKg +KKKb = III. (A.9)

A.5.2 Estimation from Color Matching Functions

For this evaluation, we approximate the color matching functions by:

b̄c(λ )≃
n

∑
j=1

c̄iφi (λ ) (A.10)

where(c̄i , i ∈ [1..n],c∈ {r,g,b}) are the regular sampled values of the matching functions - like those
provided by the CIE[CIE], and(φi(λ ), i ∈ [1..n]) is an interpolation basis.

If we want the projection to the color basis to be orthogonal, the color basis has to be a linear
combination of the color matching functions:





br

bg

bb



= MMM





b̄r

b̄g

b̄b



 . (A.11)

Note that, since the projection is orthogonal, the spectral representativesdefined in Equation A.1
minimize theL 2 distance to all the possible spectral distributions of the metamer.

As these two bases are duals, that is
〈

b̄i ,b j
〉

= δi, j , we have:

MMM−1 =





〈

b̄r , b̄r
〉 〈

b̄r , b̄g
〉 〈

b̄r , b̄b
〉

〈

b̄g, b̄r
〉 〈

b̄g, b̄g
〉 〈

b̄g, b̄b
〉

〈

b̄b, b̄r
〉 〈

b̄b, b̄g
〉 〈

b̄b, b̄b
〉



 . (A.12)

We have now an approximation of the color basis and its dual, and hence we can compute the coeffi-
cientsk̃c

d,e using Equation A.3. They will be a first approximation of the final coefficientskc
d,e. Note

that, by construction, these coefficients follow the symmetry condition (see Equation A.4).
However, due to numerical instabilities, the coefficients may not follow the coherent behavior

condition (see Equation A.9), even for normalized color matching functions.Therefore, we minimize
them under the coherent behavior condition to compute the closest satisfying coefficientskc

d,e.

A.5.3 Estimation for ISO RGB Color Space

For our purpose, we use the ISO RGB color space that is becoming a standard (see Figure A.1 and
[ISO21]). Since it is anUnrendered Color Space, there are no specified dynamic ranges or viewing
conditions, making it suitable for lighting computations. Furthermore, the color matching functions
are normalized, implicitly ensuring the coherent behavior condition.
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Fig. A.3: Direct lighting of a Cornell box. The first row corresponds tothe solutions under aconstantillumi-
nant, the second one under acyanilluminant.

In the following, we present the coefficients obtained for the ISO RGB color space in a matrix
notation:

KKKr=





0.6533043776, 0.2708567778, 0.0758388444
0.0594368555,−0.0413179278,−0.0181189277
−0.0111905666, 0.0005536667, 0.0106368999





KKKg=





0.2708567778,−0.2135258222,−0.0573309555
−0.0413179278, 0.9943860889, 0.0469318388

0.0005536667,−0.0401482999, 0.0395946333





KKKb=





0.0758388444,−0.0573309555,−0.0185078889
−0.0181189277, 0.0469318388,−0.0288129111

0.0106368999, 0.0395946333, 0.9497684667





.

Note that the determinants of the matrices KKKr , KKKg and KKKb are non-zero. This does not ensure that
the division operator (see Equation A.7) is always possible, but as pointed out in Section A.4.1, this
case is restricted to a surface in color space. For quantized colors, such as the standard 8-bit color
definition, it only occurs at(0,0,0) color.
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A.6 Reflection Behavior Control

A.6.1 Coefficients Meaning

In the coefficientskc
d,e for the ISO RGB color matching functions, we can notice that the largest ones

occur atc = d = e. For the classical reflection behavior, their value is 1, and the other coefficients
are 0, which corresponds to the case where no transfer occurs fromone color component to another.
Using our reflection operators, in the ISO RGB case, most of the transferoccurs to the red color
component (see Section A.7). Note thatkr

r,r is also the smallestkc
d,e coefficient.

So intuitively, thekc
d,e with c = d = e corresponds to the amount of energy that is not transferred

from one color componentc and reciprocally, 1− kc
c,c corresponds to the amount of energy that is

transferred to this color component.
Note also that the coefficients, which control the transfer to the componentc, arekc

c,c. Only those
have to be modified in order to change the reflection behavior of the component c.

A.6.2 Basis-Dependent Coefficients Adjustment

Hence, one way to control the behavior of the reflection is to select the amount of energy that is
transferred to a componentαc,c∈ {r,g,b}. Based on the previous observations, we can simply adjust
the coefficientskc

c,c as follows:

k′cd,e =

{

1−αc , if c = d = e
βckc

d,e , otherwise
.

This modification preserves the symmetry condition (see Equation A.4) since

k′cd,e = βckc
d,e = βckc

d,e = k′cd,e.

The new coefficients also have to follow the coherent behavior condition,as defined by Equa-
tion A.9. This leads to choose the following values ofβc:

βc =
αc

1−kc
c,c

,∀c∈ {r,g,b}.

Note that, whenαc = 0 (i.e., there is no transfer to thecth component), thenβc = 0. Hence, adjusting
theαc allows a smooth transition from the standard reflection model to our approach.

A.6.3 User-Defined Coefficients

The basis dependent control introduces a different behavior for each color component, since it is only
an adjustment of pre-defined coefficients. From a user point of view, itis more intuitive if there is
a similar behavior for each component. For this purpose, we introduce a new set of coefficients that
are not dependent on a particular color definition of coefficients. Theyare based on the same idea of
controlling the amount of energy that is transferred to a componentαc,c∈ {r,g,b}. We define

KKKr =





1−αr , βr , βr

γg , βg , γg

γb , γb , βb



 ,KKKg =





βr , γr , γr

βg , 1−αg , βg

γb , γb , βb



 ,

KKKb =





βr , γr , γr

γg , βg , γg

βb , βb , 1−αb



 , with

{

βi = αi
2

γi = −αi
4

.
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Classical Approach ISO RGB

User-defined

Fig. A.4: The "psychedelic" lounge illuminated. Note that the overall redness is better preserved in our ap-
proach. This is even more noticeable leftmost painting.

These coefficients follow the symmetry condition (see Equation A.4) and the coherent behavior
condition (see Equation A.9).

A.7 Applications and Results

A.7.1 Global Illumination

We have tested our new approach for two software illumination solutions. Forthe first one, we com-
puted only the direct lighting, and for the second one, the full diffuse global lighting, for which the
multiple bounces can create strong indirect lighting effects that are difficultto control.

For the direct lighting scenario, we used a simple ray-tracer. Thekc
d,e coefficients from ISO RGB

color-matching functions are simply used to convert the color definition of surfaces into a matrix
representation, as described in the Section A.4.3. For a comparison, we also implemented Smits’
[Smi99] approach to convert the initial RGB data to a full spectral definition of materials, and the
results are shown in Figure A.3. Note that our new technique has only a smallimpact (2% more) on
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ISO RGB User-defined

Fig. A.5: Adjusting the amount of transfer to the blue component. The coefficients are the same as in Fig-
ure A.4, with the transfer to blue set to 100%.

the rendering time3. With more complex shaders, the relative impact on the performance is smaller,
since our approach does not change the way reflectance is computed, but only the final multiplication
between the incoming light and the estimated reflectance.

By construction, under aconstantilluminant, our approach provides the same solution as the
classical model, whereas the spectral solution creates a larger highlight on the red wall. This is due
to the fact that the coherent behavior condition (see Section A.5.1) is not respected. Under acyan
illuminant, our approach preserves the red aspect of the wall that completely disappears with the
classical reflection.

Most of the loss in color may appear in indirect lighting. To demonstrate this effect, we designed
a "psychedelic" lounge 3D scene for which we computed a radiosity solution. Note that for the
implementation of our approach, we had to rewrite only the multiplication operator for colors. In
this scene, the light sources are facing theblue ceiling. The indirect light is therefore mostly blue.
As shown in Figure A.4, our approach preserves the color appearance whereas the classical approach
creates a more grayish aspect. This is more noticeable on the walls and on the leftmost painting on
the walls, for which the red color is more saturated. We also used the basis-independent design to
compute the solution with the same transfer amount than for the ISO RGB ones (i.e., αr = 35%,
αg = 1% andαg = 5%, see Sections A.6.3 and A.5.3). Even if the results are quite similar, the red
component is more saturated for the ISO RGB case, since the red color matching function is quite
different from the green and blue ones. In the Basis-independent case, the behavior is similar for the
three components by design.

By adjusting the transfer amount to blue to 100%, we can control the general bluish aspect of the
scene (see Figure A.5). We can notice that the resulting solution has a more bluish aspect than in the
Figure A.4, without modifying any material property. As the lighting is mostly indirect, it will be
difficult to obtain the same behavior with another approach.

A.7.2 Simple Relighting

We also used our reflection model to implement a basic relighting approach, witha simple change of
the color of the light source. Working on high-dynamic range images [DM97], the relighting process

3on an Intel Pentium4 2.6 GHz with 1 GB of memory
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Original Classical Approach Our Approach

Fig. A.6: Changing outdoor light on the memorial. Note the over-saturated red in the classical approach.

(a) (b) (c) (d)

Fig. A.7: Hardware implementation: (a) regular reflection – (b) our approach – (c) difference – (d) reflection
under awhite light source. For (a) and (b), the color of the light source isshown in the middle
rectangle. Note that the red highlight on the cheek (d) has disappeared using the classical approach
(a) and it is still present using our approach.

is simply the division of the pixel color by the previous illuminant and its multiplication with the new
illuminant. We have experimented a change from a blue-sky light source(0.4,0.9,1.0) to a yellow
illuminant (1.0,0.9,0.1), using the ISO RGB coefficients. As can be seen in Figure A.6, the color
information is better preserved using our approach.

A.7.3 Hardware Accelerated Rendering

As the last application, we have implemented our approach with ISO RGB coefficients using pro-
grammable graphics hardware4. For this purpose, we use the iridescent BRDF model [GH03] in order
to show a component-dependent behavior. The classical solution to increase color preservation is to
represent a material property by a 3x3 matrix. Hence, for a component-dependent BRDF, 9 functions
have to be defined. Using our approach, we keep the 3-component color definition, and simply add

4ARB_{vertex/fragment}_program OpenGL extensions on an NVIDIA Quadro FX 500
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11 instructions at the end of the fragment program for the reflection evaluation. The original shader
is composed of a fragment program with 42 instructions and a vertex program with 70 instructions.
This has only a small impact on the frame-rate (160 fps instead of 170 fps for a 400x400 image).

The results are shown in Figure A.7. Once again, the color appearance isbetter preserved. The
red reflection is still present in our approach whereas it disappeared inthe classical solution.

A.8 Conclusion

We have introduced new multiplication and division operators adapted to the trichromatic color repre-
sentation, in order to better preserve the appearance color in reflections. This new approach requires
a minimal change to be implemented in current rendering systems, and behavescoherently with re-
spect to existing solutions. This coherent behavior allows the users to keep the same approach when
designing the appearance of surfaces.

We have also presented two approaches for controlling the reflection behavior resulting from these
operators. This is done by an adaptation of the original coefficients based on color matching functions,
or by an independent design, with the same behavior for the RGB color components. This control is
done by adjusting the amount of energy that is transferred to a selected component.

As examples, we have implemented our solution in three possible applications: global illumina-
tion, simple relighting and hardware rendering. We have also experimented different set of coeffi-
cients, both from the ISO RGB color matching functions, and from our basis-independent design.
The results have shown a better behavior in preserving color information with a low overhead in
implementation and computation.

Future Work

This work can be extended in two directions, namely the computation of the matrix coefficients and
the user interface. Concerning the coefficient computation, we have to find a new basis-independent
design that would allow to control the transfer from one color component toanother, instead of the
overall transfer from all components to one. Such an approach allows amore precise and complete
control of the reflection behavior.

Concerning the user interface, some studies have to be done on how the user expects the scene to
appear under different lighting conditions using perceptual studies. This demands a comparison with
the results obtained through classical color constancy approaches [FDF94]. Furthermore, we have to
find a solution to reduce the apparition of negative values during the reflection.
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Appendix B

Vectorial Definitions

In this annex, we present the current state of our investigations on usingvector representations for
computing global illumination. We also present some ideas about improved polynomial bases for
such directional distributions.

B.1 Definitions

Before going into details about the representation, we need to introduce carefully the different terms
and notation that we use in this annex.

B.1.1 Hemispherical Function

For most of the reflection phenomena, only lights coming from the upper hemisphere (i.e., the por-
tion of visible direction on a surface) are taken into account. An accurate representation of such a
hemisphere is somewhat difficult with a large set of direction bases [Kři04], and this leads to the
development of new Hemispherical Spherical Harmonics [GKPB04].

In the entire document, we have defined the hemispherical functionh around directionnnn by

Ω×Ω→� : h(nnn,ωωω) =

{

1 if Tnnnωωω ≥ 0
0 otherwise

(B.1)

whereTnnn is the transposed normal.

B.1.2 Directional Radiance Vector

This new function contains in one unique value both the direction and the energy of the lighting:

Ω→�3 : LLL(ωωω) = L(ωωω)ωωω.

One may think of that directional information is redundant this contained in boththe parameterωωω and
in the normalized value sinceLLL(ωωω)/|LLL(ωωω) | = ωωω. In the following, we will see that, when projected
in some given bases, this equality is actually now false.
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B.1.3 Directional Irradiance Vector

We have already introduced this representation in Chapter 3 - Section 3.2.1.We re-defineddirectional
irradiance vector III (nnn) here using the directional radiance vector (withωωω as a direction andΩ as the
space of all directions that is, a unit sphere):

Ω→�3 : III (nnn) =
∫

Ω
LLL(ωωω) h(nnn,ωωω) dωωω. (B.2)

This is exactly similar to theirradiance vector[Arv94], wit as a main difference the fact that we
preserve the fact that this vector is normal-dependent. The classical irradianceI for a normalnnn is thus
defined as a classical dot product

I = TnnnIII (nnn)

= Tnnn
∫

Ω
LLL(ωωω) h(nnn,ωωω) dωωω

= Tnnn
∫

Ω
L(ωωω)ωωω h(nnn,ωωω) dωωω

=
∫

Ω
L(ωωω)

(Tnnnωωω
)

h(nnn,ωωω) dωωω.

B.1.4 Better Compression of Directional Vectors

Remember that Equation B.2 defines an irradiance vector (requiring three floating point values) for a
single wavelength. Since, in computer graphics a color is defined by three primary colors(R,G,B), we
need three irradiance vectors stored in a 3×3 matrix MMM = [IIIR IIIG IIIB]. We compress MMM as the product
of a directionddd and a colorccc (MMM = dddTccc) defined as follows:

ddd =
IIIR+ IIIG + IIIB

|IIIR+ IIIG + IIIB|
ccc =





|IIIR|
|IIIG|
|IIIB|



 .

This first approximation does not guarantee that we obtain the best choiceof ddd andccc. Given the
fact thatddd is a pure direction, it can be proven that the best mean square approximation has to fulfill
the following equations







|ddd|= 1
|ccc|2ddd−MMMccc = 0
|ddd|2ccc− TMMMddd = 0

This leads to the following iterative process that has experimentally shown some improvements in the
approximation error:

{

ddd0 = ddd
ccc0 = ccc

{

dddn+1 = MMMcccn
|MMMcccn|

cccn+1 = TMMMdddn
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B.2 Bases for Directional Vectors

B.2.1 Scalar directional basis

In this section, we consider using classical directional basis function, such as spherical harmonics or
wavelets. While using such an approach relies on well-known bases, it requires storing complex vector
coefficients (cf. Section B.1.4). We study the differences in-between theprojection of directional
irradiance vector with the projection of directional radiance vector.

Scalar Basis for Directional Irradiance Vector

For a given directional basis{Ω→ � : φi(ωωω)}, we approximate directional irradiance vector using
its dual basis{Ω→� : φ ∗i (ωωω)}:

III (nnn)≃ ĪII (nnn) = ∑
i

III i φi (nnn)

= ∑
i

〈III (nnn),φ ∗i (nnn)〉φi (nnn) ,

where〈 f ,g〉= ∫

f g denotes the usual dot product for space of functionsΩ→�.
Interestingly, while developing the expression ofIII i , we obtain the following:

III i = 〈III (nnn),φ ∗i (nnn)〉

=
∫

Ω
III (nnn) φ ∗i (nnn) dnnn

=
∫

Ω

∫

Ω
LLL(ωωω) h(nnn,ωωω) φ ∗i (nnn)dnnndωωω.

Introducing the new functions

Ω→� : ψ∗i (ωωω) =
∫

Ω
h(nnn,ωωω) φ ∗i (nnn)dnnn.

this reduces to

III i =
∫

Ω
LLL(www) ψ∗i (ωωω) dωωω

= 〈LLL(ωωω),ψ∗i (ωωω)〉 .

These new functionsψ∗i , projections of the hemisphere in the chosen basis, thus directly project
directional radiance vectors into approximated directional irradiance vectors.

Scalar Basis for Directional Radiance Vector

Using the same directional basis{Ω→ � : φi(ωωω)} and its dual{Ω→ � : φ ∗i (ωωω)}, we can project
the directional radiance vector as following:

LLL(ωωω)≃ L̄LL(ωωω) = ∑
i

LLLi φi (ωωω)

= ∑
i

〈LLL(ωωω),φ ∗i (ωωω)〉 φi (ωωω) .
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With such an approximation, since each coefficientLLLi corresponds to a weighted average of directional
vector radiance on the support of basis functionφi , there is no more any guaranty thatL̄LL(ωωω)/|L̄LL(ωωω)|=
ωωω. This is the main advantage of such representation since it precisely adjustseach direction to a new
one that better corresponds to the main incoming lighting direction.

Using this approximation for directional radiance vector, the resulting directional vector irradiance
is computed as

ĨII (nnn) =
∫

Ω
L̄LL(ωωω) h(nnn,ωωω) ωωω

= ∑
i

LLLi

∫

Ω
φi (ωωω) h(nnn,ωωω) dωωω.

We introduce a new function, similarly to the previous section:

Ω→� : ψi (nnn) =
∫

Ω
h(nnn,ωωω) φi(ωωω)dωωω .

ψi is the projection of the hemisphere function in the dual of the given basis. Note thatψ andψ∗ are
not dual and that ifφ is an orthonormal basis,ψ = ψ∗. With this new function, the directional vector
irradiance is also directly approximated by

ĨII (nnn) = ∑
i

LLLi ψi (nnn)

One unique set of coefficients represents the directional vector radiance and irradiance.

B.2.2 Vector Basis

In previous section, the vector information is supported by the coefficients. Another approach is to
remove the directional information from the coefficient by directly using a vector basis such as Vector
Spherical Harmonics [Hil54]. We explore such a solution in this section.

Vector Basis for Directional Irradiance Vector

For a given directional vector basis{Ω→�3 : φφφ i(ωωω)}, we approximate directional irradiance vector
using its dual{Ω→�3 : φφφ ∗i (ωωω)}:

III (nnn)≃ ĪII (nnn) = ∑
i

Ii φφφ i (nnn)

= ∑
i

〈III (nnn),φφφ ∗i (nnn)〉φφφ i (nnn) ,

where〈 fff ,ggg〉= ∫ Tfff ggg is the extension of usual dot product for space of directional scalar distributions
Ω→� to space of directional vector distributionsΩ→�3. As expected,Ii is now a scalar value.

Similarly to Section B.2.1, we define a corresponding projection functionψψψ∗i from directional
radiance vector to directional incident radiance vector:

Ω→�3 : ψψψ∗i (ωωω) =
∫

Ω
h(nnn,ωωω) φφφ ∗i (nnn)dnnn

ψψψ∗i is also the projection of the hemisphere function in the given vector basis. The approximation
coefficients of the directional irradiance vector are thus:

Ii =
∫

Ω

TLLL(ωωω)ψψψ∗i (ωωω) dωωω
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Vector Basis for Directional Radiance Vector

Using the same directional basis{Ω→�3 : φφφ i(ωωω)} and its dual{Ω→�3 : φφφ ∗i (ωωω)}, we can project
the directional radiance vector as following:

LLL(ωωω)≃ L̄LL(ωωω) = ∑
i

Li φφφ i (ωωω)

= ∑
i

〈LLL(ωωω),φφφ ∗i (ωωω)〉 φφφ i (ωωω) .

One again,Li is now a classical scalar value.
Using the same approach than in Section B.2.1, we introduce the function

Ω→� : ψψψ i (nnn) =
∫

Ω
h(nnn,ωωω) φφφ i(ωωω)dωωω ,

resulting in a direct approximation of the directional irradiance vector usingthe same coefficients that
for the directional radiance vector:

ĨII (nnn) = ∑
i

Li ψψψ i (nnn)

ψψψ i is now the projection of the hemisphere function in the dual of the given vector basis. Note thatψψψ
andψψψ∗ are not dual and that ifφφφ is an orthonormal basis,ψψψ = ψψψ∗.

One easy way to define a vector basis is to setφφφ ∗i (ωωω) = φ ∗i (ωωω)ωωω. Using such basis functions leads
to the followings:

Li =
∫

Ω

TLLL(ωωω)φφφ ∗i (ωωω) dωωω

=
∫

Ω
L(ωωω) φ ∗ (ωωω) Tωωωωωω dωωω

=
∫

Ω
L(ωωω) φ ∗ (ωωω) dωωω .

This corresponds to the radiance coefficient of a classical directionaldistribution. Thus, such vector
basis does not introduce any advantages for representing directionalvector radiance.

B.2.3 Comparisons

Based on this analysis, both approaches seem to be similar for direction irradiance vector. But it
seems that it is better to use a scalar basis for representing directional radiance vector. Furthermore,
when projecting directional radiance vector into a given basis, the same coefficients can be used for
reconstructing both the radiance and the irradiance. This leads to a preferred choice to scalar direction
bases.

This approach would also possibly improve the following. With a classical directional represen-
tation, we need a fine subdivision in order to capture the directional variations. With vector approach,
the “mean” direction is directly embedded in the coefficients, and this providesuseful information
about the directionality of the phenomena. If a directional distribution is still required, fewer coeffi-
cients would be required.

B.3 Extending Radiosity Equation

Using vector intermediate representation has been proved as improving the quality of radiosity al-
gorithms [WHG99, LLAP05]. In this section, we explore the full extension ofradiosity equation to
vector representation.
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B.3.1 Radiosity Vector

In a diffuse environment, the radiosity is defined as the reflected irradiance B = r I . Similarly to the
directional irradiance vector, we thus define thedirectional radiosity vectoras

BBB(nnn) = rIII (nnn) = r
∫

Ω
L(ωωω)ωωω h(nnn,ωωω) dωωω . (B.3)

Similar to irradiance vector, we also have

B = TnnnBBB(nnn) . (B.4)

For the following, since we move in a discretized environment, composed of planar patches (i.e., the
normal is constant on a patch), we only useBBBi for BBBi (nnn) andIII i for III i (nnn)

B.3.2 Interaction Matrix

For a given discretization of the 3D scene, the radiosity equation is expressed as

Bi = Ei + ri ∑
j

Fi j B j , (B.5)

whereEi is the diffuse emissivity of the patchSi andFi j is theform-factorwhich controls the propor-
tion of energy emitted by a patchSj and received on a patchi. This form-factor is defined as

Fi j =
1
Ai

∫

Si

∫

Sj

V (sssi ,sssj)
Tnnnisssi j

Tnnn jsssji

π|sssi j |4
dsssi dsssj , (B.6)

weresssi j = sssj −sssi . In this equation,V is the visibility function. It is defined as

V (sssi ,sssj) =















0 Tnnnisssi j ≤ 0
0 Tnnn jsssji ≤ 0
0 sssi is not visible fromsssj

1 otherwise

(B.7)

We thus rewrite the Equation B.6 as

Fi j = Tnnni

(

1
Ai

∫

Si

∫

Sj

V (sisisi ,sjsjsj)
sssi j

Tnnn jsssji

π|sssi j |4
dsisisi dsjsjsj

)

= Tnnni

(

1
Ai

∫

Si

∫

Sj

V (sisisi ,sjsjsj)
sssi j

Tsssjinnn j

π|sssi j |4
dsisisi dsjsjsj

)

= Tnnni

(

1
Ai

∫

Si

∫

Sj

V (sisisi ,sjsjsj)
sssi j

Tsssji

π|sssi j |4
dsisisi dsjsjsjnnn j

)

= TnnniMMM i j nnn j

We introduce the symmetric 3×3 interaction matrixMMM i j , defined by two patchesSi andSj with their
respective normalnnni andnnn j as

MMM i j =
1
Ai

∫

Si

∫

Sj

V (sisisi ,sjsjsj)
sssi j

Tsssji

π|sssi j |4
dsisisi dsjsjsj (B.8)
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B.3.3 Vector Radiosity equation

With this new definition and introducing theemissive vector EEE = E nnn, we rewrite Equation B.5 using
Equation B.4:

TnnniBBBi = TnnniEEEi + ri ∑
j

(TnnniMMM i jnnn j
)(Tnnn jBBB j

)

TnnniBBBi = Tnnni

(

EEEi + ri ∑
j

(

(MMM i jnnn j)
Tnnn j
)

BBB j

)

Introducing the 3×3 symmetricform-factor matrixFFFi j , defined in-between two patchesSi andSj with
their respective normalnnni andnnn j as

FFFi j = (MMM i jnnn j)
Tnnn j (B.9)

Similarly to [WHG99], we finally define thevector radiosity equationas

BBBi = EEEi + ri ∑
j

FFFi jBBB j (B.10)

B.4 Irradiance Vector for Environment-maps

Bear in mind that an irradiance vector is defined as

III (nnn) =
∫

Ω
L(ωωω) ωωω h(nnn,ωωω) dωωω.

For a distant lighting field represented as an environment mapΩ→� : L∞(ωωω), the incident radiance
is thus the product of this distant lighting and a directional visibility functionΩ→� : V(ωωω):

III (nnn) =
∫

Ω
L∞ (ωωω) V (ωωω) ωωω h(nnn,ωωω) dωωω.

We make the following assumptions:
1. V(ωωω) = 1 in a coneCaaa,α oriented toward its main axisaaa with an angular apertureα
2. the distant lighting is constant in this cone of direction:∀ωωω ∈ Caaa,α , L∞(ωωω) = L∞(Caaa,α)

Thus, the irradiance vector is simplified to be

III (nnn) = L∞(Caaa,α)
∫

Ω
V (ωωω) ωωω h(nnn,ωωω) dωωω

= L∞(Caaa,α)ooo(nnn) .

We call the vector value ofΩ→�3 : ooo(nnn) thedirectional vector ambient occlusion. Classical ambient
occlusion is simply defined as:

o =
1
π

∫

Ω
V (ωωω) Tnnnωωω h(nnn,ωωω) dωωω

= Tnnn
1
π

∫

Ω
V (ωωω) ωωω h(nnn,ωωω) dωωω

= Tnnn
ooo(nnn)

π
.

Based on this assumption of the visibility coneCaaa,α , it can be proved that:
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1. ooo(nnn)/|ooo(nnn)|= aaa if the cone is included in the hemisphere oriented towardnnn
2. |ooo(nnn)| represent the solid angle of the visible part of the hemisphere. If the coneis included in

the hemisphere,|ooo(nnn)|= π (1−cos2(α))
Generally, there is no restriction in computing the directional ambient occlusion. This provides us
with a cone approximation of the visibility by computing the axis directionaaa and the angular aperture
α as expressed in the previous paragraph. Furthermore,L∞(Caaa,α) can be approximated using a set
of prefiltered environment maps (simple mip-mapped environment maps): the level of filtering is
controlled byα , and a simple lookup in the selected environment map is performed using the direction
aaa. The final irradiance is thus:

I = L∞
(

Cooo(nnn),|ooo(nnn)|
) Tnnnooo(nnn) . (B.11)

This approach is very similar to theaccessibilitypresented by Pharr and Green [PG04]. Mertens
et al. [MKC+06] do not use a vector representation, but project the visibility function using spherical
harmonics. But, our formulation is exact in case of cone-shaped visibility function: it contains the
cosine term.
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University Diplomas

PhD of Université Joseph Fourier (Grenoble)

"Contrôle automatique de qualité pour l’illumination globale"
Defended the 9th of Novembre 2001 at INRIA Rhônes-Alpes with the following jury:
Ms Joëlle Coutaz - President of jury - professor ot UJF (Grenoble I)
Mr Peter Shirley - Reviewer - professor at University of Utah (United States)
Mr Bernard Peroche - Reviewer - professor at Université Claude Bernard (Lyon I)
Mr Christophe Schlick - professor at Université de Bordeaux II
Mr George Drettakis - PhD adviser - research scientist at INRIA-Sophia Antipolis
Mr Claude Puech - PhD adviser - professor at UJF (Grenoble I)

Master (DEA) of Institut National Polytechnique de Grenoble (INPG)

Obtained in June 1998
Specialty : Image, Vision and Robotism
Simulation d’Illumination Globale par Méthode de Radiosité avec Mémoire Limitée

Engineer of l’École Nationale Supérieure d’Informatique et de Mathématiques Appliquées de
Grenoble (ENSIMAG)

Obtained in June 1998
Specialty : Scientific Computation

Theses: adviser and jury

Co-Advised PhD Theses

Florian Levet: 2004 - 2006 with Christophe Schlick
Modélisation et Edition d’objets 3D : Du prototype au modèle final
Publications: [LGS06a, LGS06b, LG07, LGS07a, LGS07b, LGS07c]
Ingénieur de recherche à l’INSERM

Julien Hadim: 2005 - 2009 with Christophe Schlick
Étude en vue de la multirésolution de l’apparence
Publications: [HBR+07, ZHG08]

Romain Pacanowski: 2005 - 2009 with Christophe Schlick and Pierre Poulin
Modes de représentation pour l’éclairage en synthèse d’images
Publications: [PGS07, PGSP08, PRG+08, PRL+08, VPB+09]
Post-doctorant au CEA CESTAS

Romain Vergne: 2007 - 2010 with Christophe Schlick et Pascal Barla
Techniques expressives pour l’illustration, la présentation et l’exploration de
données complexes 3D
Publications: [VBT+07, VBGS08a, VBGS08b, VPB+09]
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Juries for PhD Theses

◦ Jacques Morice, University de Bordeaux 1 - 17th October 2007
Méthode multipôle rapide pour la résolution de l’équation de la radiosité en transfert radiatif
◦ Pau Estalella Fernández, University of Barcelona - 19th December 2008

Accurate Interactive Specular Reflections and Refractions on Curved Objects

Advised Master Theses

Julien Hadim: 2003 - 2004
Apparence multirésolution

Romain Pacanowski: 2004 - 2005
Reconstruction de la fonction d’éclairage

Romain Vergne: 2005 - 2006
Stylisation d’objets éclairés par des cartes d’environnement de grandes dy-
namiques

Involvements in Scientific Community

Publications

I have been member of the following conferenceprogram committees:
◦ Graphics Interface: 2004-2005, 2008-2009
◦ Eurographics Sketch-Based Interfaces and Modeling Graphics: 2008-2009

I have been involved in thereviewing process of the following journals, books and conferences:
◦ Morgan Kaufmann: book - 2008
◦ Eurographics Computer Graphics Forum: journal - 2002-2003, 2005,2007-2009
◦ Parallel Computing - Elsevier: journal - 2005
◦ ACM Journal of Graphic Tools: journal - 2002
◦ IEEE Computer Graphics and Applications: journal - 2008
◦ ACM SIGGRAPH: journal/conference - 2002-2006, 2008
◦ Eurographics Symposium on Rendering: journal/conference - 2003, 2005-2008
◦ Eurographics (Annual Conference): journal/conference - 2002,2004-2006, 2008
◦ PDP (Euromicro International Conference on Parallel, Distributed and network-based Process-

ing): conference - 2008
◦ ACM Graphite (International Conference on Computer Graphics and Interactive Techniques in

Australasia and Southeast Asia): conference - 2007
◦ IET VIE (Visual Information Engineering): conferences - 2006-2007
◦ Graphics Interface: conference - 2002-2005, 2008-2009
◦ IEEE Visualization: conference - 2005, 2007

Grants

I have been in charge of or participated to thecoordination of the following grants:
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◦ Associated Team LIGHT : "Lab for Interactive Graphics on Handheld and Tabletop displays"
Grant:INRIA-DREI
Dates:2004-2008
Partners:IMAGER Lab - University of British Columbia - Vancouver - Canada
Publications:[BHGS06, GGHS06]
LIGHT stands for "Laboratory for Interactive Graphics on Handheldand Tabletop Displays".
Our goal is to investigate the different possibilities for the acquisition, the rendering and the
visualization of specific or adapted representation of mobile and connecteddevices. We want
also to develop some new interaction techniques for such devices.
◦ MIRO

Grant:INRIA ARC
Dates:2005-2006
Partners:INRIA (IPARLA, ARTIS) + ISTI-Pise, AUSONIUS-Bordeaux, LSC-Bordeaux,
DIGISENS-Annecy
Publications:[QTG+06]
MIRO stands for "Methods for the legible and Interactive Rendering Of Complex data". In this
project, we are interested in using NPR for the interactive and legible rendering of complex 3D
scenes. Many examples of scientific visualization proove that photorealismdoes not always of-
fer meaningful images. To address the legibility question we will rely (i) on the skills and expe-
rience of the IPARLA and ARTIS teams; (ii) on the knowledge of specific users: archeologists,
museum curators, industrial users at Digisens (the startup specialized in CTscan reconstruction
and dental chirurgy); (iii) on the skills of the Bordeaux lab of cognitive psychology that will
help us how to validate our new methods.
◦ France-Télécom: "Modeling and rendering of non-photorealistic urban environments anddig-

ital territories."
Dates:2005-2006
Publications:[QTG+06]
This project concerns the modeling and rendering of non-photorealistic urban environments
and digital territories. The target platforms for visualization are small devices. We will pro-
pose a whole graphic pipeline (data modeling, transmission and rendering) that is adapted to
small devices constraints. We will implement a client-server application where the server owns
a huge 3D database which is rendered on the client (a small device). As analternative to
photorealistic rendering and texture based rendering which generate large models, we will ex-
plore non-photorealistic techniques as line based rendering. Point-based rendering will also be
considered. Some multi-resolution models of cities or territories (efficiently transmitted and
rendered) will be constructed with those techniques.

I have participated and I participate to the following grants:
◦ SHOW

Grant:ARA "Masse de données" (Research National Agency)
Dates:2003-2006
Partners:ARTIS et GRAVIR-IMAG (Inria Rhones-Alpes), ISA-ALICE Loria (Inria Lorraine),
REVES (Inria Sophia-Antipolis)
Publications:[BHGS06]
3D numerical data are often large and un-structured. This is mainly due to therequired acqui-
sition or automatic transformation processes. This project aims to re-create astructure, or a
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hierarchy, in order to be allowed to reconstruct and visualized them interactively.
◦ NatSim

Grant:ARA "Masse de données" (Research National Agency)
Dates:2005 - 2008
Partners:IRIT (Toulouse 3), EVASION (Inria Rhones-Alpes), Virtual Plants (INRIA joined
with CIRAD and INRA), LIAMA (Beijing)
Publications:[HBR+07, PRG+08]
This project deals with natural simulations (vegetation, watercourses, clouds). It aims to adapt
this huge amount of heterogeneous data in terms of data structures, techniques and algorithms,
in a unified framework to both to the content and navigation context (from mobile phones to
display walls). The final presentation of NatSim project was done at ANR on December 2008.
This project permits to exchange expertise with other french labs and permitsto create new col-
laborations. The main collaborations of IPARLA members into the NatSIM project took place
into 4 workpackages : Edition and manipulation of big amount of data, Rendering, Animation
and Streaming.
◦ Animaré

Grant:ANR Jeune Chercheur (Research National Agency)
Dates:2009 - 2012
Partners:ARTIS (INRIA Rhone Alpes)
Publications:[VPB+09]
Expressive Rendering is a recent branch of Computer Graphics that offers promising novel
styles, and is increasingly used in many application domains such as video games or movie
production. At the present time, only expert artists are able to create compelling animations,
and still, this is an extremely time-consuming process, with many constraints that strongly limit
creativity. The reason is that current models are not sophisticated enough to provide intuitive
manipulations and versatile styles. The motivation behind this project is to overcome these
limitations both for 2D and 3D animation systems.
◦ Associated Team Bird: "Interactions entre les mondes Réels et Virtuels / Interactions between

Real and Virtual Worlds"
Grant:INRIA-DREI
Dates:2008-2011
Partners:Bunraku - IRISA - Rennes and State key Lab of CAD&CG - Zheijang University -
Hangzhou - China
Publications:[ZHG08]
The main purpose of this collaboration is to provide new tools for managing the interaction be-
tween real and virtual worlds. We first want to ease the interaction between real users and virtual
worlds during modeling and collaborative tasks. Concerning generation of virtual worlds, we
will focus not on fully automatic solutions, but on semi-automatic ones that will take into ac-
count human decisions. This integration of the user is essential to provide intuitive processes
and better immersion. Based on the different interfaces between virtual and real world (from a
simple stylus to a set of cameras), we have to capture accurately the motions, the gestures, and
to interpret the intentions of humans, in order to correctly integrate these actions and intentions.
◦ SeARCH: Semi-automatique Acquisition and Reconstruction of Cultural Heritage

Grant:ANR - ContInt call Dates:2009 - 2010
Partners:Ausonius (CNRS - Université de Bordeaux), CEAlex (CNRS - Alexendrie - Egypte),
ESTIA (Bidard - France)
The SeARCH project is particularly motivated by a concrete archeologicalcontext: one of the
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partners is the Centre d’Études Alexandrines (CEAlex, USR 3134) that works on the recon-
struction of the lighthouse of Alexandria and its surrounding statues. Mostof the fragments
of the lighthouse and the statues are underwater. Some of the fragments, especially from the
statues, have already been lifted to the surface. The SeARCH project strives to develop semi-
automatic techniques for the virtual reassembly of 3D objects. The first involved step is the
digital acquisition of the fragments, on-site, and under aggravated circumstances, combined
with some post-processing steps of the acquired fragments. The second step is the reassembly
of the fragments that should not only be as automatic as possible, but shouldalso allow tak-
ing into account the long-year work experience of the cultural heritage professionals by new
efficient interaction and visualization techniques.

I have participated to theevaluation of grant proposalsfor:
◦ Regional Grant: dossier de recherche régionale de l’Université de Reims Champagne-

Ardennes - 2007
◦ Regional Grant: Agence pour la Recherche et l’Innovation CARINNA -2008
◦ Agence National de la Recherche: Program "Masse de Données et COnnaissances" (MDCO)

- 2007

Others

◦ Recruiting jury for junior research scientist (CR2) at INRIA Futurs Lilles: 2008
◦ Recruiting committee for University of Bordeaux 1, ENSEIRB and, IUT of Bordeaux: 2004-

2008
◦ Europe Correspondentfor INRIA Futurs Bordeaux: 2007-2008
◦ LaBRI-Hebdochief editor: 2006 - 2008
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Publications

In the following,journalsare in red (7 publications in reference journals),books and book chaptersin
green (2 chapters) and,conferencesin blue (16 international conferences with reviewing committee).

Selection

[PRG+08] Romain Pacanowski, Mickaël Raynaud,Xavier Granier , Patrick Reuter, Christophe
Schlick, and Pierre Poulin. Efficient Streaming of 3D Scenes with Complex Geom-
etry and Complex Lighting. InWeb3D ’08: Proc. international symposium on 3D
web technology, pages 11–17. ACM, 2008.

[VBGS08a] Romain Vergne, Pascal Barla,Xavier Granier , and Christophe Schlick. Apparent
relief: a shape descriptor for stylized shading. InNPAR ’08: Proc. international sym-
posium on Non-photorealistic animation and rendering, pages 23–29. ACM, 2008.

[BHGS06] Tamy Boubekeur, Wolfgang Heidrich,Xavier Granier , and Christophe Schlick.
Volume-Surface Trees. Comp. Graph. Forum (Proc. EUROGRAPHICS 2006),
25(3):399–406, 2006,Best Paper and Best Student Paper awards.

[GD04b] Xavier Granier and George Drettakis. A Final Reconstruction Framework for an
Unified Global Illumination Algorithm.ACM Trans. Graph., 23(2):163–189, 2004.

[GGHS03a] Michael Goesele,Xavier Granier , Wolfgang Heidrich, and Hans-Peter Seidel. Accu-
rate light source acquisition and rendering.ACM Trans. Graph. (Proc. SIGGRAPH),
22(3):621–630, 2003.

Whole List

Reference (22)

[VPB+09] Romain Vergne, Romain Pacanowski, Pascal Barla,Xavier Granier , and Christophe
Schlick. Light warping for enhanced surface depiction.ACM Trans. Graph. (Proc.
SIGGRAPH), 28(3), 2009. to be published.

[PRG+08] Romain Pacanowski, Mickaël Raynaud,Xavier Granier , Patrick Reuter, Christophe
Schlick, and Pierre Poulin. Efficient Streaming of 3D Scenes with Complex Geom-
etry and Complex Lighting. InWeb3D ’08: Proc. international symposium on 3D
web technology, pages 11–17. ACM, 2008.

[PGSP08] Romain Pacanowski,Xavier Granier , Christophe Schlick, and Pierre Poulin. Sketch
and Paint-based Interface for Highlight Modeling. InSBIM 2008: EUROGRAPHICS
Workshop on Sketch-Based Interfaces and Modeling, pages 11–17. Eurographics,
2008.

[VBGS08a] Romain Vergne, Pascal Barla,Xavier Granier , and Christophe Schlick. Apparent
relief: a shape descriptor for stylized shading. InNPAR ’08: Proc. international sym-
posium on Non-photorealistic animation and rendering, pages 23–29. ACM, 2008.

[GPP07a] Xavier Granier , Mathias Paulin, and Bernard Péroche.Informatique graphique et
rendu, chapter 5 - Couleur; Modèles locaux d’éclairement; Ombres portées. Hermes
Publishing, 2007.
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[GPP07b] Xavier Granier , Mathias Paulin, and Bernard Péroche.Informatique graphique et
rendu, chapter 7 - Rendu réaliste : algorithmes pour l’éclairement global. Hermes
Publishing, 2007.

[HBR+07] Julien Hadim, Tamy Boubekeur, Mickaël Raynaud,Xavier Granier , and Christophe
Schlick. On-the-fly appearance quantization on the gpu for 3d broadcasting. In
Web3D ’07: Proc. international conference on 3D web technology, pages 45–51.
ACM, 2007.

[LG07] Florian Levet andXavier Granier . Improved Skeleton Extraction and Surface Gen-
eration for Sketch-based Modeling. InProc. Graphics Interface 2007, pages 27–33.
A.K. Peters, 2007.

[BHGS06] Tamy Boubekeur, Wolfgang Heidrich,Xavier Granier , and Christophe Schlick.
Volume-Surface Trees. Comp. Graph. Forum (Proc. EUROGRAPHICS 2006),
25(3):399–406, 2006,Best Paper and Best Student Paper awards.

[LGS06b] Florian Levet,Xavier Granier , and Christophe Schlick. Fast sampling of implicit
surfaces by particle systems. InSMI ’06: Proc. Shape Modeling International 2006,
page 39. IEEE Computer Society, 2006.

[QTG+06] Jean-Charles Quillet, Gwenola Thomas,Xavier Granier , Pascal Guitton, and Jean-
Eudes Marvie. Using Expressive Rendering for Remote Visualization of Large City
Models. InWeb3D ’06: Proc. international conference on 3D web technology, pages
27–35. ACM, 2006.

[GD04b] Xavier Granier and George Drettakis. A Final Reconstruction Framework for an
Unified Global Illumination Algorithm.ACM Trans. Graph., 23(2):163–189, 2004.

[GGHS03a] Michael Goesele,Xavier Granier , Wolfgang Heidrich, and Hans-Peter Seidel. Accu-
rate light source acquisition and rendering.ACM Trans. Graph. (Proc. SIGGRAPH),
22(3):621–630, 2003.

[GGHS03b] Xavier Granier , Michael Goesele, Wolfgang Heidrich, and Hans-Peter Seidel. Inter-
active Visualization of Complex Real-World Light Sources. InPG ’03: Proc. Pacific
Conference on Computer Graphics and Applications, pages 59–66. IEEE Computer
Society, 2003.

[GH03] Xavier Granier and Wolfgang Heidrich. A Simple Layered RGB BRDF Model.
Graphical Models, 65(4):169–257, 2003. Extended version of [GH02].

[GH02] Xavier Granier and Wolfgang Heidrich. A Simple Layered RGB BRDF Model. In
PG ’02: Proc. Pacific Conference on Computer Graphics and Applications, page 30.
IEEE Computer Society, 2002.

[GD01] Xavier Granier and George Drettakis. Incremental Updates for Rapid Glossy Global
Illumination. Comp. Graph. Forum (Proc. EUROGRAPHICS 2001), 20(3):267–277,
2001.

[GDW00] Xavier Granier , George Drettakis, and Bruce Walter. Fast Global Illumination In-
cluding Specular Effects. InProc. EUROGRAPHICS Workshop on Rendering 2000,
pages 47 – 59. Springer-Verlag GmbH, 2000.

[SSG+00] Marc Stamminger, Annette Scheel,Xavier Granier , Frédéric Perez-Carzorla, George
Drettakis, and François Sillion. Efficient Glossy Global Illumination with Interactive
Viewing. Comp. Graph. Forum, 19(1):13–25, 2000. Extended version of [SSG+99].

[GD99] Xavier Granier and George Drettakis. Controlling memory consumption of hier-
archical radiosity with clustering. InProc. Graphics Interface 99, pages 58–65.
Morgan Kaufmann Publishers, 1999.
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[LFD+99] Céline Loscos, Marie-Claude Frasson, George Drettakis, Bruce Walter, Xavier
Granier , and Pierre Poulin. Interactive virtual relighting and remodeling of real
scenes. InProc. EUROGRAPHICS Workshop on Rendering ’99, pages 235–246.
Springer-Verlag GmbH, 1999.

[SSG+99] Marc Stamminger, Annette Scheel,Xavier Granier , Frédéric Perez-Carzorla, George
Drettakis, and François Sillion. Efficient Glossy Global Illumination with Interactive
Viewing. In Proc. Graphics Interface 99, pages 50–57. Morgan Kaufmann Publish-
ers, 1999.

Others With Reviewing Committee (6)

[PRL+08] Romain Pacanowski, Mickaël Raynaud, Julien Lacoste,Xavier Granier , Patrick
Reuter, Christophe Schlick, and Pierre Poulin. Compact structures for interactive
global illumination on large cultural objects.International Symposium on Virtual
Reality, Archaeology and Cultural Heritage (VAST 2008): Shorts and Projects, 2008.

[VBGS08b] Romain Vergne, Pascal Barla,Xavier Granier , and Christophe Schlick. Shading
with apparent relief. InSIGGRAPH ’08: ACM SIGGRAPH 2008 talks. ACM, 2008.

[ZHG08] Hongxin Zhang, Julien Hadim, andXavier Granier . Using the CAT for 3D Sketch-
ing in front of Large Displays. InInternational Symposium on Smart Graphics,
Lecture Notes on Computer Science. Springer-Verlag GmbH, 2008.

[LGS07b] Florian Levet,Xavier Granier , and Christophe Schlick. Multi-View Sketch-based
FreeForm Modeling. InInternational Symposium on Smart Graphics, Lecture Notes
on Computer Science. Springer-Verlag GmbH, 2007.

[LGS06a] Florian Levet,Xavier Granier , and Christophe Schlick. 3D Sketching with profile
curves. InInternational Symposium on Smart Graphics, Lecture Notes on Computer
Science. Springer-Verlag GmbH, 2006.

[KGB05] Bertrand Kerautret,Xavier Granier , and Achille Braquelaire. Intuitive Shape Mod-
eling by Shading Design. InInternational Symposium on Smart Graphics, volume
3638 ofLecture Notes in Computer Science, pages 163–174. Springer-Verlag GmbH,
2005.

Others

[PGSP09] Romain Pacanowski,Xavier Granier , Christophe Schlick, and Pierre Poulin. Vol-
umetric Vector-Based Representation for Indirect Illumination Caching. Research
Report RR-6983, INRIA, 2009.

[LGS07a] Florian Levet,Xavier Granier , and Christophe Schlick. MarchingParticles: Fast
Generation of Particles for the Sampling of Implicit Surfaces.Computer Graphics &
Geometry, 9(1):18–49, 2007.

[LGS07c] Florian Levet,Xavier Granier , and Christophe Schlick. Triangulation of uniform
particle systems: its application to the implicit surface texturing. InWSCG (Winter
School of Computer Graphics), 2007.

[PGS07] Romain Pacanowski,Xavier Granier , and Christophe Schlick. Gestion de la com-
plexité géométrique dans le calcul d’éclairement pour la présentation publique de
scènes archéologiques complexes. InVirtual Retrospect 2007 : Archéologie et Réal-
ité Virtuelle. Ausonius, 2007.
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[VBT+07] Romain Vergne, Adrien Bousseau, Joëlle Thollot, David Vanderhaeghe, Pascal Barla,
andXavier Granier . Utilisation du rendu expressif pour l’illustration et l’exploration
de données archéologiques. InVirtual Retrospect 2007 : Archéologie et Réalité
Virtuelle. Ausonius, 2007.

[GGHS06] Xavier Granier , Michael Goesele, Wolfgang Heidrich, and Hans-Peter Seidel. Op-
tical filtering for near field photometry with high order basis. Research Report RR-
6000, INRIA, 2006.

[GD04a] Xavier Granier and Cyrille Damez. Control on Color Reflection Behavior. Research
Report RR-5227, INRIA, 2004.

[Gra01] Xavier Granier . Contrôle Automatique de Qualité pour l’Illumination Globale. PhD
thesis, Université Joseph Fourier (Grenoble 1), 2001.
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[K ři04] Jaroslav Ǩrivánek. Error Analysis of the Hemispherical SH Projection, December 2004. http://www.
graphics.cornell.edu/~jaroslav/papers/writing/hemispherror.pdf.

[Kv92] Jan J. Koenderink and Andrea J. van Doorn. Surface shape and curvature scales.Image Vision Comput.,
10(8):557–565, 1992.

[Laf96] Eric P. F. Lafortune.Mathematical Models and Monte Carlo Algorithms for Physically Based Rendering.
PhD thesis, Katholieke Universiteit Leuven, 1996.

[LBJS07] Julien Lacoste, Tamy Boubekeur, Bruno Jobard, and Christophe Schlick. Appearance preserving octree-
textures. InGRAPHITE ’07: Proc. international conference on Computer graphicsand interactive techniques
in Australia and Southeast Asia, pages 87–93. ACM, 2007.

[LF08] Christian Lessig and Eugene Fiume. SOHO: Orthogonal and symmetric Haar wavelets on the sphere.ACM
Trans. Graph., 27(1):1–11, 2008.

[LFD+99] Céline Loscos, Marie-Claude Frasson, George Drettakis, Bruce Walter, Xavier Granier, and Pierre Poulin. In-
teractive virtual relighting and remodeling of real scenes. InProc. EUROGRAPHICS Workshop on Rendering
’99, pages 235–246. Springer-Verlag GmbH, 1999.

113



BIBLIOGRAPHY BIBLIOGRAPHY

[LG07] Florian Levet and Xavier Granier. Improved Skeleton Extraction and Surface Generation for Sketch-based
Modeling. InProc. Graphics Interface 2007, pages 27–33. A.K. Peters, 2007.

[LGS06a] Florian Levet, Xavier Granier, and Christophe Schlick. 3D Sketching with profile curves. InInternational
Symposium on Smart Graphics, Lecture Notes on Computer Science. Springer-Verlag GmbH, 2006.

[LGS06b] Florian Levet, Xavier Granier, and Christophe Schlick. Fastsampling of implicit surfaces by particle systems.
In SMI ’06: Proc. Shape Modeling International 2006, page 39. IEEE Computer Society, 2006.

[LGS07a] Florian Levet, Xavier Granier, and Christophe Schlick. MarchingParticles: Fast Generation of Particles for
the Sampling of Implicit Surfaces.Computer Graphics & Geometry, 9(1):18–49, 2007.

[LGS07b] Florian Levet, Xavier Granier, and Christophe Schlick. Multi-View Sketch-based FreeForm Modeling. In
International Symposium on Smart Graphics, Lecture Notes on Computer Science. Springer-Verlag GmbH,
2007.

[LGS07c] Florian Levet, Xavier Granier, and Christophe Schlick. Triangulation of uniform particle systems: its appli-
cation to the implicit surface texturing. InWSCG (Winter School of Computer Graphics), 2007.

[LH06] Chang Ha Lee and Xuejun Hao. Geometry-Dependent Lighting.IEEE Trans. Visualization and Computer
Graphics, 12(2):197–207, 2006. Member-Amitabh Varshney.

[LLAP05] Grégory Lecot, Bruno Lévy, Laurent Alonso, and Jean-Claude Paul. Master-element vector irradiance for
large tessellated models. InGRAPHITE ’05: Proc. international conference on Computer graphicsand
interactive techniques in Australasia and South East Asia, pages 315–322. ACM, 2005.

[LSK+07] Samuli Laine, Hannu Saransaari, Janne Kontkanen, Jaakko Lehtinen, and Timo Aila. Incremental Instant
Radiosity for Real-Time Indirect Illumination. InProc. EUROGRAPHICS Symposium on Rendering 2007,
pages 277–286, 2007.

[LSSS04] Xinguo Liu, Peter-Pike Sloan, Heung Y. Shum, and John Snyder. All-Frequency Precomputed Radiance
Transfer for Glossy Objects. InProc. EUROGRAPHICS Symposium on Rendering 2004, pages 337–344.
EUROGRAPHICS, 2004.

[LSSS06] Paul Lapides, Ehud Sharlin, Mario Costa Sousa, and Lisa Streit. The 3D Tractus: A Three-Dimensional Draw-
ing Board. InIEEE International Workshop on Horizontal Interactive Human-Computer Systems (TableTop
’06). IEEE Computer Society, 2006.

[LW93] Eric P. F. Lafortune and Yves D. Willems. Bi-directional Path Tracing. InProc. International Conference on
Computational Graphics and Visualization Techniques (Compugraphics ’93), pages 145–153, 1993.

[LZK +07] Jaakko Lehtinen, Matthias Zwicker, Janne Kontkanen, Emmanuel Turquin, François Sillion, and Timo Aila.
Meshless Finite Elements for Hierarchical Global Illumination. Publications inTelecommunications Software
and Multimedia TML-B7, Helsinki University of Technology, 2007.

[LZT+08] Jaakko Lehtinen, Matthias Zwicker, Emmanuel Turquin, Janne Kontkanen, Frédo Durand, François Sillion,
and Timo Aila. A Meshless Hierarchical Representation for Light Transport. ACM Trans. Graph. (Proc.
SIGGRAPH), 27(3), 2008.

[MAP00a] Sylvain Michelin, Didier Arquès, and Benoit Piranda. Modelisation of Implicit Surfaces Driven by an Atlas
of Discoids. InGraphiCon’2000, pages 256–261, 2000.

[MAP00b] Sylvain Michelin, Didier Arquès, and Benoit Piranda. Overlapping Radiosity: Using a New Function Base
with Local Disk Support. InInternational Conference in Central Europe on Computer Graphics andVisual-
ization, volume 2, pages 236–243, 2000.

[MBPL99] Antoine Manzanera, Thierry M. Bernard, Francoise J. Preteux, and Bernard Longuet. Medial Faces from a
Concise 3D Thinning Algorithm. InICCV (1), pages 337–343, 1999.

[McC99] Michael D. McCool. Anisotropic diffusion for Monte Carlo noisereduction.ACM Trans. Graph., 18(2):171–
194, 1999.

[MCCH99] Lee Markosian, Jonathan M. Cohen, Thomas Crulli, and John F. Hughes. Skin: A Constructive Approach
to Modeling Free-form Shapes. InProc. SIGGRAPH ’99, annual conference on Computer graphics and
interactive techniques, pages 393–400. ACM, 1999.

[MFE07] Jason Mitchell, Moby Francke, and Dhabih Eng. Illustrative rendering in Team Fortress 2. InSymposium on
Non-Photorealistic Animation and Rendering, pages 71–76. ACM, 2007.

[Mil94] Gavin Miller. Efficient algorithms for local and global accessibility shading. InProc. SIGGRAPH ’94, annual
conference on Computer graphics and interactive techniques, pages319–326. ACM, 1994.

[Mit07] Martin Mittring. Finding next gen: CryEngine 2. InSIGGRAPH ’07: ACM SIGGRAPH 2007 courses, pages
97–121. ACM, 2007.

[MKC+06] Tom Mertens, Jan Kautz, Jiawen Chen, Philippe Bekaert, and FrédoDurand. Texture Transfer Using Geom-
etry Correlation. InProc. EUROGRAPHICS Symposium on Rendering 2006. EUROGRAPHICS, 2006.

[MMP02] Rafal Mantiuk, Karol Myszkowski, and Sumanta N. Pattanaik.Cube-Map Data Structure for Interactive
Global Illumination Computation in Dynamic Diffuse Environments. InProc. International Conference on
Compute Vision and Graphics (ICCVG), pages 530–538, 2002.

[MWO03] Wan-Chun Ma, Fu-Che Wu, and Ming Ouhyoung. Skeleton Extraction of 3D Objects with Radial Basis
Functions. InSMI ’03: Proc. Shape Modeling International 2003, page 207. IEEE Computer Society, 2003.

114



BIBLIOGRAPHY BIBLIOGRAPHY

[Mys97] Karol Myszkowski. Lighting Reconstruction Using Fast and Adaptive Density Estimation Techniques. In
Proc. EUROGRAPHICS Workshop on Rendering ’97, pages 251–262. Springer-Verlag GmbH, 1997.

[ND05] Marc Nienhaus and Jürgen Döllner.GPU Gems II, chapter Blueprint Rendering and Sketchy Drawings, pages
235–252. Addison-Wesley Publishing Co., 2005.

[NDM05] Addy Ngan, Frédo Durand, and Wojciech Matusik. Experimental Analysis of BRDF Models. InProc.
EUROGRAPHICS Symposium on Rendering 2005, pages 117–226, 2005.

[NDM06] Addy Ngan, Frédo Durand, and Wojciech Matusik. Image-driven Navigation of Analytical BRDF Models. In
Proc. EUROGRAPHICS Symposium on Rendering 2006, pages 399–408, 2006.

[NJLM05] Alex Ni, Kyuman Jeong, Seungyong Lee, and Lee Markosian. Multi-scale Line Drawings from 3D Meshes.
Technical Report CSE-TR-510-05, Dep. Electrical Engineering andComputer Science, University of Michi-
gan, 2005.

[NNSK99] László Neumann, Attila Neumann, and László Szirmay-Kalos.Reflectance Models with Fast Importance
Sampling.Comp. Graph. Forum, 18(4):249–265, 1999.

[NPG03] Mangesh Nijasure, Sumanta N. Pattanaik, and Vineet Goel. Interactive Global Illumination in Dynamic
Environments Using Commodity Graphics Hardware. InPG ’03: Proc. Pacific Conference on Computer
Graphics and Applications, page 450. IEEE Computer Society, 2003.

[NPG05] Mangesh Nijasure, Sumanta N. Pattanaik, and Vineet Goel. Real-Time Global Illumination on GPUs.J.
Graph. Tools, 10(2):55–71, 2005.

[NRH+77] F. E. Nicodemus, J. C. Richmond, J. J. Hsia, I. W. Ginsberg, andT. Limperis. Geometrical Considerations
and Nomenclature for Reflectance. National Bureau of Standards, 1977.

[NRH03] Ren Ng, Ravi Ramamoorthi, and Pat Hanrahan. All-frequency shadows using non-linear wavelet lighting
approximation.ACM Trans. Graph. (Proc. SIGGRAPH), 22(3):376–381, 2003.

[NRH04] Ren Ng, Ravi Ramamoorthi, and Pat Hanrahan. Triple product wavelet integrals for all-frequency relighting.
ACM Trans. Graph. (Proc. SIGGRAPH), 23(3):477–487, 2004.

[NWT07] Heung-Sun Ng, Tai-Pang Wu, and Chi-Keung Tang. Surface-from-Gradients with Incomplete Data for Single
View Modeling. InICCV 2007: Proc. IEEE International Conference on Computer Vision, pages 1–8. IEEE
Computer Society, 2007.

[OBS04] Yutaka Ohtake, Alexander Belyaev, and Hans-Peter Seidel. Ridge-valley lines on meshes via implicit surface
fitting. ACM Trans. Graph. (Proc. SIGGRAPH), 23(3):609–612, 2004.
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