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Abstract

Reciprocal shading for mixed reality aims to integrate virtual objects into real environments in
a way that they are in the ideal case indistinguishable from real objects. It is therefore an attrac-
tive technology for architectural visualizations, product visualizations and for cultural heritage
sites, where virtual objects should be seamlessly merged with real ones. Due to the improved
performance of recent graphics hardware, real-time global illumination algorithms are feasible
for mixed-reality applications, and thus more and more researchers address realistic rendering
for mixed reality.

The goal of this thesis is to provide algorithms which improve the visual plausibility of
virtual objects in mixed-reality applications. Our contributions are as follows:

First, we present five methods to reconstruct the real surrounding environment. In particular,
we present two methods for geometry reconstruction, a method for material estimation at inter-
active frame rates and two methods to reconstruct the color mapping characteristics of the video
see-through camera.

Second, we present two methods to improve the visual appearance of virtual objects. The
first, called differential instant radiosity, combines differential rendering with a global illumi-
nation method called instant radiosity to simulate reciprocal shading effects such as shadowing
and indirect illumination between real and virtual objects. The second method focuses on the vi-
sual plausible rendering of reflective and refractive objects. The high-frequency lighting effects
caused by these objects are also simulated with our method.

The third part of this thesis presents two user studies which evaluate the influence of the pre-
sented rendering methods on human perception. The first user study measured task performance
with respect to the rendering mode, and the second user study was set up as a web survey where
participants had to choose which of two presented images, showing mixed-reality scenes, they
preferred.






Kurzfassung

Reziproke Schattierung fiir erweiterte Realitédten zielt darauf ab, virtuelle Objekte so in eine rea-
le Umgebung zu integrieren, dass diese im Idealfall nicht von realen Objekten zu unterscheiden
sind. Deshalb ist reziproke Schattierung fiir erweiterte Realitédten eine attraktive Technologie
fiir Architekturvisualisierungen, Produktvisualisierungen oder fiir Kulturstétten, bei denen vir-
tuelle Objekte nahtlos in die reale Umgebung eingebettet werden sollen. Aufgrund der erhShten
Leistung heutiger Graphikhardware sind nun auch globale Beleuchtungsmethoden fiir Echtzeit-
anwendungen moglich, wodurch das wissenschaftliche Interesse an realistischen Darstellungen
fiir erweiterte Realititen gestiegen ist.

Das Ziel dieser Dissertation ist es die visuelle Plausibilitit virtueller Objekte fiir Anwendun-
gen im Bereich der erweiterten Realitéit zu erhdhen. Folgende Beitrige werden in dieser Arbeit
présentiert:

Der erste Abschnitt widmet sich fiinf Methoden, die zum Ziel haben die reale Umgebung zu
rekonstruieren. Zwei dieser Methoden befassen sich mit der Rekonstruierung der realen Geo-
metrie, eine weitere Methode dient der Schitzung von Materialeigenschaften bei Beibehaltung
interaktiver Bildraten. Die verbleibenden beiden Methoden rekonstruieren das Farbabbildungs-
verhalten der Kamera, iiber deren Bilder die virtuellen Objekte eingeblendet werden.

Der zweite Abschnitt beschreibt zwei Methoden, um die visuelle Plausibilitét virtueller Ob-
jekte zu verbessern. Die erste Methode nennt sich ,,differential instant radiosity*, welche ,,dif-
ferential rendering* und die globale Beleuchtungsmethode ,,instant radiosity* kombiniert, um
reziprokale Schattierungseffekte, wie Schatten und indirekte Beleuchtung zwischen realen und
virtuellen Objekten zu simulieren. Die zweite Methode beschiftigt sich mit der visuell plausiblen
Darstellung reflektierender und refraktierender Objekte. Die bei solchen Objekten entstehenden
hochfrequenten Lichteffekte werden mit dieser Methode ebenfalls simuliert.

Der dritte Teil der Dissertation préasentiert zwei Benutzerstudien, welche den Einfluss ver-
schiedener Rendering-Methoden messen. Die erste Studie untersuchte den Einfluss der Rendering-
Methoden auf die Dauer mit der verschiedene Aufgabenstellungen von Testpersonen erledigt
wurden. Die zweite Studie wurde in Form einer Internetumfrage gestaltet bei der Teilnehmer
beurteilten, welche von zwei vorgelegten erweiterten Realititsbildern, sie subjektiv bevorzugen.

vii






Contents

2__Overview

n1

Requirements| . . . . . .. .. L

2.2 'The Mixed-Reality Pipelinef. . . . . . ... ... ... ... ... .. .....

o1

The Reconstruction Stage| . . . . ... .. ... ... .. .......

22

The Reciprocal Shading Stage| . . . . ... ... ... .. .......

2.3 FurtherReading|. . . . . . . . .. .. .. .. ...

|3 Background and Related Work|

BI.1

Light estimation and 1image based highting|. . . . . . .. ... .. ...

B12

Geometry reconstruction| . . . . . .. ... Lo

B14

Reconstructing the Camera Color Mapping Characteristics| . . . . . . .

B2

Reciprocal Shading| . . . . . .. ... o oo

B2

The Rendering Equation| . . . . .. ... ... ... ..........

322

Instant Radiosity| . . . . . . .. .. ...

323

Real-time many-light methods| . . . . . . ... ... ... ... ...

324

Merging Real and Virtual Scenes| . . . .. .. .. ..o

325

Differential Rendering| . . . . . .. .. ... ... .. .........

B2.6

B3.1

B W W W W W = -

~N 3OO v

iX



[3.3.3  Augmentation Style| . . . ... ... ... o oo 28

[3.3.4  Further studies on perception|. . . . . . ... ... ... ... ..... 29

4 Reconstruction| 31
4.1 Introductionl . . . . . . . ... 31
4.2 Light Estimation| . .. .. .. ... ... ... ... ... ... .. .. . ... 31
4.3 Geometry Reconstruction| . . . . . . . ... ... ... .. 32
4.3.1 Microsoft KinectSensor . . . . . . .. .. ... ... ... ... 32
|4.3.2  Raw depth, raw position and filtered normal estimation| . . . . . . . . . 33
4.3.3  Filtered depth, filtered position and filtered normal estimation| . . . . . 34
434 Timitagons| . . . . . . . . ..o 35
B35 Resulld . .ot e 36
436 Conclusionl . . .. ... ... . 37

44 BRDF Estimation] . . . . . . . . . . .o vt e 37
AT  Overview| . . . . . . . ..o 38
442 BRDFEstmationl. . . ... ... ... .. ... ... 0L 38
M43 Limmitations| . . . . . . . . ..o 43
A Resulld . . . . oo 44
445 Conclusionl . . . . .. . .. 49

4.5 Adaptive Camera-Based Color Mapping| . . . . . .. ... ... ........ 49
BST1 Overviewl . . . . . . . . i 49
4.5.2  Sample-Based Color Mapping| . . . . .. ... ... ... ... .... 51

4.5.3  Statistics-Based Color Mapping| . . . . . . .. ... ... .. ..... 54
454 Timitagons| . . . . . . . . ..o 57
B33 Resultsl .« . oo oo 57
4356 Conclusionl . . . . . .. ... L 60

|5 Reciprocal Shading for Mixed Reality| 61
.1 Introductionl . . . . . . . .. 61
[5.2 Reciprocal Shading for Mixed Reality| . . . . . . ... ... ... ... .. .. 61
[5.2.1 Differential Rendering| . . . . . ... ... ... .. .......... 63
[5.2.2 Instant Radiosity| . . . . . . .. ... ... ... .. .. .. .. ..., 63
[5.2.3  Dafferential Instant Radiosity|. . . . . .. ... ... ... ... .. .. 64
[5.2.4  Direct Bounce Computation| . . . .. ... ... ............ 68

[5.2.5 Indirect Bounce Computation| . . . ... ... ... ... ....... 69
[5.2.6  Multiple Bounce Computation| . . . . . . ... ... .......... 69
[5.2.7  Primary Light Source Types and VPL Creation| . . . . ... ... ... 70

5.2.8  Geometry-Aligned Point Splats for ISMs| . . . . .. .. .. ... ... 74
[5.2.9 Reducing Temporal Flickering| . . . . ... ... ... ... ... ... 75
[5.2.10 Implementation| . . . . . . . ... ... ... ... ... ...... 76
D211 Limitations| . . . . . . . . oo 78
B2I2 ReSUllS . . v v oo oottt e 79
5.2.13 Ground-Truth Comparison| . . . . . . .. .. .. .. .. .. ...... 83
D214 Conclusionl . . . . . .. . .. L 83




53

Reflective and Refractive Objects for Mixed Reality| . . . . . .. ... ... ..

5.3.1 Background|. . . ... ... ... ... oo
15.3.2  Extending Differential Instant Radiosity| . . . . . . . .. .. ... ...
5.3.3 Implementation|. . . . . ... ... ... ... ... L.
.34 [amiatations| . . . . . . . .. L.

6.3 Preliminary User Study| . . . . . . . ... ... . o

[6.3.1 ExpertmentSetup|. . . . . .. .. .. ... .
[6.3.2  Taskdescription| . .. ... ... ... ... .

6.4 WebSurvey| . . . . ... e

[6.4.1 ExpertmentSetup|. . . . . . . . ... ..
[6.4.2  Statistical Analysis| . . . . ... ... o o

101
101
101
101
102
103
104
104
104
107
111
111
114
114
118

119
119
120

123

137

X1






CHAPTER

Introduction

1.1 Motivation

In mixed reality (MR), virtual objects and real objects are merged. Mixed reality is an attractive
and exciting way to present virtual content in a real context for various application domains, like
architectural visualizations, virtual prototyping, marketing and sales of not yet existing products,
and edutainment systems. These kinds of application scenarios demand a believable realistic
appearance of virtual objects, providing a perfect illusion for human visual perception. Unfor-
tunately, this requirement is not met in common mixed-reality systems, where the composed
images look disturbingly artificial. One major reason for this is that real illumination conditions
and the mutual shading effects between virtual and real objects are completely ignored.

Such mutual shading effects are shadowing and color bleeding. If real and virtual objects
reciprocally cast shadows and also cause indirect illumination, the virtual objects are photomet-
rically registered with the surrounding real world. In this way, the human visual system (HSV)
should perceive the virtual objects as if they were real ones. However, rendering these reciprocal
shading effects is a challenging task when real-time or at least interactive frame rates should be
reached. We therefore do not aim for physically correct rendering but instead, in this thesis we
developed methods that try to render virtual objects in a visually plausible way. In the ideal case,
the virtual objects should not be recognized as being virtual anymore.

1.2 Challenges

This section gives an overview on the challenges that we are facing when virtual objects should
look visually plausible. Azuma [4]] defined three characteristics that are important for mixed
reality/augmented reality systems: A combination of real and virtual objects, interactive in real
time and registered in 3-D. While the first point does not really pose a challenge, the second and
third do.




Combination of real and virtual objects: With current hardware it is no challenge anymore
to render virtual objects over a video stream. However, it is still a challenge if the real and virtual
objects should be photometrically registered to each other.

Interactive in real time: The limited computation time for each frame is a major challenge in
our context. We want visually plausible mixed reality, which implies real-time global illumina-
tion computations — in a fraction of a second. With the current hardware available, this limits the
rendering quality that can be achieved. Therefore our proposed methods aim for visually plau-
sible and not physically correct renderings. In other words, as long as the results look plausible,
we can reduce the quality of the rendering methods in order to reduce computation time.

Registration in 3-D: The third characteristic states that virtual objects must be registered in
3-D space. This means that they should not float in the real world when the camera/viewpoint is
moved. A lot of research therefore focuses on tracking the camera movement to seamlessly
position the virtual objects in the real world. Despite the huge improvements over the last
years, it is still not possible to track all different kinds of scenarios with one single method.
For example, position tracking outdoors using GPS does not work in indoor scenarios. In this
thesis, we do not focus on this challenge but rather use existing tracking approaches usable for
our restricted scenarios.

Environment reconstruction: In order to simulate the mutual light interaction between real
and virtual objects, it is necessary to have knowledge about the surrounding environment in terms
of incident light, the geometry of the real objects and their material properties. Furthermore, the
environment might change over time and therefore they should be reconstructed during runtime.
However, there is no sensor available that is able to capture this data entirely in a dynamic envi-
ronment, and therefore another challenge is how to reconstruct this information and furthermore
how to deal with missing data.

In our thesis we focus on video see-through mixed reality. This means that a camera films
the real scene and then virtual objects are rendered on top of the video stream. If necessary,
a head-mounted display could then show the enhanced video image. In contrast to that are
optical see-through systems where virtual objects are projected onto semi-transparent screens.
In this way, they are merged with the real environment seen through the screens. With video see-
through mixed reality, the camera always also introduces its very own mapping from real-world
radiance values to RGB color triples. This mapping includes lens distortions, noise and a couple
of other artifacts — which virtual objects do not show, because they are rendered. However, the
perfect rendering of the virtual objects reduces their plausibility in the real world and therefore
the camera characteristics have to be reconstructed and simulated as well.

Evaluation Since we aim for visually plausible mixed reality, the human visual system is the
assessment criteria which decides whether our proposed methods render virtual objects better
or worse. This raises the challenge, how to set up experiments that measure the quality of our
methods.



1.3 Dissertation Thesis

This thesis focuses mainly on the reconstruction of the environment and the mutual shading
effects between real and virtual objects to enable visually plausible mixed reality. The main
thesis is that it is possible to render virtual objects in a visually plausible way for mixed-reality
applications by using methods proposed in this work.

1.4 Contributions

This thesis presents several solutions to the previously mentioned challenges. The following
sections and the chapters are ordered in the same way, as information gets processed throughout
an MR pipeline. The MR system first has to gain knowledge about the surrounding environment
and reconstruct it. Then the virtual objects are photometrically registered within the real world
by using reciprocal shading effects. Finally, the evaluation section covers results and insights of
our evaluations.

1.4.1 Reconstruction

Chapter ] focuses on the first stages in the MR pipeline - the reconstruction of the surrounding
environment. In order to calculate correct occlusions and lighting effects between real and virtual
objects, their geometry must be known. This means that the 3D shape of a real surface must be
reconstructed. We proposed two methods to calculate the geometric shape of real objects using
the Microsoft Kinect sensor in[2} |4]].

Beside the 3D shape, the material characteristics of a real surface and the surrounding il-
lumination need to be known too. We therefore proposed an interactive BRDF estimation ap-
proach [2]] which uses the reconstructed geometry from the Microsoft Kinect sensor.

Each camera has a mapping function from real radiance values to device-dependent RGB
triples. Our third contribution, described in Chapter [d] focuses on an adaptive method to match
the colors of the virtual objects to the color characteristics of a video camera [3]].

1.4.2 Reciprocal Shading

The contributions presented in Chapter [5]introduce reciprocal shading effects between real and
virtual objects. Our methods perform real-time global illumination computations to simulate ef-
fects like shadows and indirect illumination between real and virtual objects [3| 4]. Furthermore,
virtual light sources may be used to illuminate the real environment. Beside, opaque objects, we
also propose a new method to handle real or virtual reflective or refractive objects in a general
manner [[6]. The presented method produces visually plausible reflections and refractions as well
as real-time high-frequency light effects known as caustics.

1.4.3 Evaluation

The first part of Chapter [0]is based on Knecht et al. [I]]. It proposes a framework for the evalu-
ation of user studies especially in the area of visually plausible mixed reality. Furthermore, we



present a preliminary user study on task performance using different qualities of rendering. A
second user study evaluates which rendering methods are preferred by the participants in terms
of ,,How well do the virtual objects fit into the real scene?".

1.4.4 References

This dissertation thesis is based on the following publications:

[1]

(2]

[3]

[6]
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ments. Singapore, March 2011, pages 27-32.

Martin Knecht, Georg Tanzmeister, Christoph Traxler, and Michael Wimmer. Interactive
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2012.

Martin Knecht, Christoph Traxler, Oliver Mattausch, Werner Purgathofer, and Michael
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CHAPTER

Overview

The purpose of this chapter is to give an overview on how the mixed-reality pipeline is set up,
and why it is done that way. Furthermore, it outlines how the thesis is organized.

As mentioned in the introduction, the goal of this thesis is to present methods which allow
rendering virtual objects in a visually plausible way. In other words, the virtual objects should be
photometrically registered in the real environment and to do so, two lighting effects are required:
shadowing and indirect illumination.

2.1 Requirements

In order to photometrically register the virtual objects in the real environment, we need a method
that is capable of rendering shadows and indirect illumination in a reciprocal manner. This
means that the effects should be cast from real objects onto virtual ones and from virtual ones
onto real ones. A fundamental solution to this problem was proposed by Debevec [22], called
differential rendering (DR). It will be covered in more detail in Section[3.2.5] but in short, it is
a method that calculates only the differential influence of virtual objects that are inserted into
a real scene. To calculate the differential effect, two global illumination solutions are needed.
One solution, L,,, takes the real and virtual objects into account, and the other solution, L,,
takes only the real objects into account. The differential influence AL = L,, — L, only contains
changes in the illumination caused by the virtual objects. If this differential buffer is added to
the video image, which is masked to black where virtual objects appear, the virtual objects and
all its reciprocal effects between the real and the virtual objects are added to the camera image.
Wherever there is no influence of the virtual objects, the camera image will stay the same.
Wherever there is a shadow or indirect illumination from a virtual object, the camera image will
be darker or respectively brighter and therefore, it will look like the real objects receive shadows
or indirect illumination from virtual objects. Note that this also works the other way round and
therefore also applies for virtual objects.

However, since this method needs two global illumination solutions, it was not usable for
real-time mixed-reality applications at the time of publishing because the frame rates were too




low. Even nowadays, it is computationally demanding to calculate these two global illumination
solutions, and methods to reduce computation costs must be applied. Another important point
about differential rendering is that it needs the geometry and material characteristics of the real
objects in order to calculate the two global illumination solutions. Note that also the surrounding
incident illumination influences the appearance of the virtual objects and thus needs to be known
too. In short, it is not enough to only have the information available from the virtual objects,
which is common in typical mixed-reality applications.

There are basically two ways to get the needed information about the real environment. First,
one can model the real objects in a preprocessing step and capture a static environment map in
advance. However, this is very time consuming and also limits the dynamic behavior of the
real scene. The second option is to reconstruct the information about the real objects and the
incident illumination during runtime. This reconstruction step is a research problem unto itself
and therefore we split the mixed-reality pipeline into two main parts. The reconstruction stage
and the reciprocal shading stage.

2.2 The Mixed-Reality Pipeline

Kruijff et al. [[72] introduced a taxonomy of the main perceptual issues in augmented reality.
In this taxonomy, they also propose a perceptual pipeline which consists of five stages: En-
vironment, Capturing, Augmentation, Display Device, and finally, the User. If we embed our
mixed-reality pipeline in their perceptual pipeline, the reconstruction stage fits into their cap-
turing stage and the reciprocal shading stage into their augmentation stage. Figure [2.1] gives an
overview of the two pipeline stages and the sub tasks that need to be performed. Two cameras
are used to capture the real scene. One camera, which is shown in the middle of the scene, uses
a fish-eye lens to capture the incident surrounding illumination. The second camera is the ob-
serving camera, shown on the right side. The video stream of that camera will be used to embed
the virtual objects in the real environment.

2.2.1 The Reconstruction Stage

The reconstruction stage deals with all tasks related to gathering and generating information
about the surrounding environment. Four types of data sources must be generated in the recon-
struction stage: Knowledge about the surrounding illumination, the geometric shapes of the real
objects, its material characteristics, and a fourth source, camera characteristics, which we have
not discussed yet.

Each camera has its very own mapping function from real-world radiance values to the
device-dependent RGB color space. The virtual objects, however, are normally only rendered
on top of the video stream and are therefore not exposed to this mapping function. If we want
the colors of the virtual objects to appear as if they were seen through the camera, this mapping
function must be known. Therefore, the fourth data source is this color-mapping function, which
will be applied to the virtual objects later.

The first three types of data sources are needed to compute the two global illumination
solutions L,, and L, in the second pipeline stage. In our case we use the Microsoft Kinect

6



sensor [90]] to gather information about the real environment. The fourth data source will be used
to change the color appearance of the virtual objects according to the observing camera before
differential rendering is applied. All methods that generate these data sources are presented in
Chapter {4}

Note that if the real scene is premodelled, the subtasks position and normal estimation as
well as the material estimation can be skipped.

2.2.2 The Reciprocal Shading Stage

The reciprocal shading stage takes the gathered information from the reconstruction stage to
calculate the two global illumination solutions in real time. In Chapter([5] the first method focuses
on a combination of differential rendering [22] with instant radiosity [60] to obtain these two
global illumination solutions, L, and L,, at real-time frame rates. It also applies the color-
mapping function and performs differential rendering to generate the final image, as shown in
Figure The second presented method adds support for reflective or refractive objects in
mixed-reality applications.

An important subtask of the reciprocal shading stage is to generate a so-called geometry
buffer (G-Buffer). This buffer stores all information necessary to shade a pixel. Thus it con-
tains the 3D position, the normal, and the material parameters of each point visible from the
observing camera. The preprocessing for the reciprocal shading covers a couple of other sub-
tasks, such as virtual point light creation (see Section [3.2.2)) or imperfect shadow map creation
(see Section [3.2.3). The results after the indirect illumination shading task are the two global
illumination buffers L,, and L,. The postprocessing task adds direct illumination, applies the
color-mapping function, and calculates the differential influence using the two buffers. In the
last step of the pipeline, the differential influence is added to the masked camera image to pro-
duce the final output.

Please note that although all tasks are mentioned in the pipeline (see Figure[2.1)), they do not
necessarily work seamlessly together. For example, if the material parameters are estimated, it
is not possible to also perform the color-mapping function estimation for the camera because the
material estimation does not take this color-mapping function into account.

2.3 Further Reading

The next chapter serves as an additional resource of background information and related work.
It is organized according to the follow-up chapters and introduces different reconstruction and
real-time global illumination rendering methods that are related to our work. Furthermore, the
bidirectional reflectance distribution function [[100], the rendering equation [53], instant radios-
ity [60]], imperfect shadow maps [[117]], and finally, the differential rendering method [22]] are
presented. The last section deals with related work of studies on perception and photorealism.
References for further reading and in-depth reviews are presented at the end of each section.
Chapter [ presents all methods which belong to the reconstruction stage in the mixed-reality
pipeline. Chapter [5] presents the two mentioned methods to add virtual objects into a real en-
vironment in a visually plausible way. Chapter [6] covers two user studies that we performed to

7
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find out whether our methods have an influence on the perceived quality or task performance.
The thesis concludes with Chapter [/|and also gives an outlook on future research directions in
visually plausible mixed reality.






CHAPTER

Background and Related Work

This chapter gives an overview on the related work of the proposed methods and also serves
as a resource for background information. In analogy of the organization of the thesis, the
related work chapter is divided into three main sections. Section[3.1]describes methods related to
image based lighting, real-time geometry reconstruction, BRDF estimation, and finally camera
characterization. Section [3.2] first concentrates on methods for real-time global illumination
computation. Then methods are presented for m