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Abstract

This dissertation, titled “Lighting Estimation in Outdoor Scenes”, explores the vital aspect
of light in computer vision, with a focus on the dynamic and complex nature of outdoor
lighting. The work is motivated by the challenges in accurately capturing and interpreting
outdoor lighting conditions, which are critical for applications in augmented reality (AR),
3D reconstruction, and autonomous driving technologies. Traditional single-image light-
ing estimation approaches often fall short due to issues like noise, inconsistency, and the
complex interplay of natural elements. This thesis proposes new methodologies that extend
beyond these limitations by incorporating both spatial and temporal analyses of lighting.
This holistic approach allows for a more accurate and realistic interpretation of outdoor
scenes, aiming to improve the realism of virtual objects in AR and the accuracy of various
computer vision tasks.

The dissertation makes two major contributions: First, it explores the combination of
intrinsic image decomposition and lighting estimation through a U-Net architecture, aiming
to dissect images into albedo and shading components. While this exploration did not yield
publication-worthy results, it provided valuable insights for future research. Second, it in-
troduces advanced spatio-temporal outdoor lighting estimation methodologies, including a
four-stage method and an end-to-end model utilizing a Transformer architecture for robust
global sun direction estimation. These contributions signify an advancement in lighting
estimation, with implications for various real-world applications.
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Zusammenfassung

Diese Dissertation mit dem Titel “Lighting Estimation in Outdoor Scenes” untersucht den
wichtigen Aspekt des Lichts in der Computer Vision, mit einem Fokus auf die dynamis-
che und komplexe Natur in natürlichen Szenen im Frien. Die Arbeit ist motiviert durch
die Herausforderungen bei der genauen Erfassung und Interpretation von Lichtverhältnis-
sen im Außenbereich, die für Anwendungen in den Bereichen Augmented Reality (AR),
3D-Rekonstruktion und autonomes Fahren entscheidend sind. Herkömmliche Ansätze zur
Schätzung der Beleuchtungsverhältnisse in Einzelbildern sind aufgrund von Problemen wie
Rauschen, Inkonsistenz und dem komplexen Zusammenspiel natürlicher Elemente oft un-
zureichend. In dieser Arbeit werden neue Methoden vorgeschlagen, die über diese Ein-
schränkungen hinausgehen, indem sie sowohl räumliche als auch zeitliche Analysen der
Beleuchtung einbeziehen. Dieser ganzheitliche Ansatz ermöglicht eine genauere und real-
istischere Interpretation von Außenszenen, um den Realismus virtueller Objekte in AR und
die Genauigkeit verschiedener Computer-Vision-Aufgaben zu verbessern.

Die Dissertation liefert zwei wichtige Beiträge: Erstens erforscht sie die Kombination
von intrinsischer Bildzerlegung und Beleuchtungsschätzung durch eine U-Netz-Architektur,
die darauf abzielt, Bilder in Albedo- und Schattierungskomponenten zu zerlegen. Obwohl
dieseUntersuchung keine veröffentlichungswürdigen Ergebnisse lieferte, lieferte siewertvolle
Erkenntnisse für die zukünftige Forschung. Zweitens werden fortschrittliche Methoden zur
räumlich-zeitlichen Schätzung der Außenbeleuchtung vorgestellt, darunter eine vierstufige
Methode und ein End-to-End-Modell, das eine Transformer-Architektur für eine robuste
globale Schätzung der Sonnenrichtung nutzt. Diese Beiträge stellen einen Fortschritt in der
Beleuchtungsabschätzung dar und haben Auswirkungen auf verschiedene reale Anwendun-
gen.
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Chapter 1

Introduction

1.1 Overview

The quest to replicate human vision in computer systems has been a cornerstone of tech-
nological advancement, leading to the burgeoning field of computer vision. At the heart of
this discipline lies an elemental factor: light. Light not only illuminates our world but also
fundamentally shapes our perception of it. In the realm of computer vision, understand-
ing and harnessing the role of light is crucial for interpreting and reconstructing the visual
environment as perceived by human eyes.

This dissertation, titled “Lighting Estimation in Outdoor Scenes”, ventures into this in-
tricate domain. The motivation for this exploration is driven by the challenges that arise
in accurately capturing and interpreting the dynamic and complex nature of outdoor light-
ing. Traditional approaches to lighting estimation, particularly those limited to single-image
analysis, often struggle with issues such as noise, inconsistency, and lack of temporal co-
herence. These challenges become particularly pronounced in outdoor scenes, where the
interplay of natural light, shadows, and varying weather conditions adds layers of complex-
ity to the task of lighting estimation.

The accurate estimation of lighting conditions in outdoor environments is more than
an academic exercise; it holds substantial practical significance. Applications such as aug-
mented reality (AR) heavily rely on precise lighting information to seamlessly blend vir-
tual objects with real-world environments. In AR, the realism of virtual objects is directly
linked to the accuracy of the lighting conditions under which they are rendered. Further-
more, a comprehensive understanding of outdoor lighting is essential for tasks such as 3D
reconstruction, intrinsic image decomposition, material estimation, and shadow detection.
These applications are central to various domains, including cinematography, architectural
visualization, and autonomous driving technologies.

Confronting these challenges, this dissertation proposes innovative methodologies that
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2 Contributions

extend beyond the confines of traditional single-image analysis. It underscores the impor-
tance of considering both spatial and temporal aspects of lighting, recognizing that outdoor
lighting, within a short time frame such as a couple of minutes, is essentially static yet ob-
served from various locations and angles. This perspective allows for a more comprehensive
analysis of lighting conditions across different spatial viewpoints and temporal moments,
under the assumption of consistent lighting. By adopting this holistic approach, this disser-
tation aims to bridge the gap between the current state of lighting estimation and the demands
of real-world applications, paving the way for more accurate and realistic interpretations of
outdoor scenes.

1.2 Contributions

This dissertation presents two major contributions to the field:

Evaluating the Combination of Intrinsic Image Decomposition and Lighting Es-
timation: The research was to attempt to explore the decomposition of images into their
intrinsic components, with a focus on simultaneous estimation of lighting conditions. The
study primarily utilized a U-Net architecture to dissect images into albedo and shading,
aiming to reveal insights into the intricate interplay of light and materials within a scene.
Although the results were not compelling enough for publication, this exploratory endeavor
provided valuable lessons and directions for future research in the field.

Spatio-TemporalOutdoorLightingEstimation: A significant leap forward in lighting
estimation, this work introduces two methodologies that overcome the limitations of prior
single-image approaches. The first is a four-stage method that robustly estimates global sun
direction by sampling across both spatial and temporal domains, significantly reducing noise
and detecting outliers. The second is an end-to-end model employing a Transformer archi-
tecture, streamlining the estimation process and enhancing the realism of lighting models.
These methods not only mark an advancement in lighting estimation but also have broad
implications for applications in augmented reality and scene understanding.

1.3 List of Articles on which the Thesis Builds Upon

The remaining chapters of this thesis build upon the following two publications.

1. Spatiotemporal Outdoor Lighting Aggregation on Image Sequences
Haebom Lee, Robert Herzog, Jan Rexilius, Carsten Rother
DAGM German Conference on Pattern Recognition (GCPR) 2021



Outline 3

2. Spatio-TemporalOutdoorLightingAggregation on Image SequencesUsingTrans-
former Networks
Haebom Lee, Christian Homeyer, Robert Herzog, Jan Rexilius, Carsten Rother
International Journal of Computer Vision (IJCV) 2023

1.4 Outline

This dissertation is structured as follows:

• Chapter 1: Introduction
This chapter presents an overview of the dissertation, highlighting the motivation,
challenges, and contributions of the research. It sets the stage for the subsequent
chapters by outlining the key themes and objectives.

• Chapter 2: Background
This chapter provides foundational knowledge in computer graphics, image process-
ing, and deep learning. It contextualizes the research within the broader field, offering
a perspective on the evolution and current state of these disciplines.

• Chapter 3: Intrinsic Image Decomposition with Lighting Estimation
Focusing on intrinsic image decomposition, this chapter delves into the initial phase
of the research. It explores the use of deep learning methods, particularly U-Net archi-
tecture and Siamese networks, to separate images into albedo and shading components
and estimate lighting conditions at the same time.

• Chapter 4: Spatio-temporal Outdoor Lighting Estimation
This chapter introduces advanced methodologies for outdoor lighting estimation. It
first discusses a four-stage based approach that combines a single image-basedmethod
with statistical post-processing for spatio-temporal lighting estimation. The disadvan-
tages of the first approach are resolved in the end-to-end model using a Transformer
architecture, highlighting improvements in efficiency and realism.

• Chapter 5: Conclusion
The final chapter synthesizes the findings of the dissertation, discussing the implica-
tions and potential applications of the research. It reflects on the journey of the study,
acknowledging its limitations and proposing directions for future research.





Chapter 2

Background

In this chapter, we lay the foundational knowledge crucial for navigating the complex in-
terplay between computer graphics, computer vision, and deep learning, as presented in
this thesis. Our journey begins with an exploration of computer graphics, focusing on the
principles of photorealistic rendering, the significance of accurate geometric modeling, and
the intricacies of light models. These elements are pivotal for creating visually compelling
digital imagery by simulating realistic interactions of light with various materials and sur-
faces. We then transition to a key concept in computer vision, Structure fromMotion (SfM),
which elucidates the process of reconstructing three-dimensional structures from sequences
of two-dimensional images, a technique fundamental for understanding scene geometry and
dynamics. Then we move on to the domain of deep learning, highlighting its transformative
role in both computer vision and graphics. This section introduces neural network archi-
tectures, including Convolutional Neural Networks (CNNs) and U-Nets, underscoring their
applications in tasks such as image classification, segmentation, and decomposition. By syn-
thesizing these discussions, we aim to provide a comprehensive backdrop for the research
presented in subsequent chapters, setting the stage for a deeper understanding of how these
diverse yet interconnected fields contribute to advancements in digital image analysis and
synthesis.

2.1 Computer Graphics and Vision

2.1.1 Rendering Equation

The Rendering Equation, introduced by James T. Kajiya in 1986, is a fundamental concept in
computer graphics, offering amathematical framework for simulating the way light interacts
within a scene to achieve photorealistic rendering [8]. This equation models the distribution
of light, capturing the essence of how light is emitted, scattered, absorbed, and reflected by

5
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�'�H�H�S �/�H�D�U�Q�L�Q�J ����

�S�U�R�S�H�U�W�\ �I�R�U�P�D�O�O�\ �U�H�F�R�J�Q�L�]�H�G �D�V �W�K�H �X�Q�L�Y�H�U�V�D�O �D�S�S�U�R�[�L�P�D�W�L�R�Q �W�K�H�R�U�H�P�� �7�K�L�V �W�K�H�R�U�H�P �D�V�V�H�U�W�V

�W�K�D�W �)�1�1�V �F�D�Q �F�D�S�W�X�U�H �D �Y�D�V�W �U�D�Q�J�H �R�I �U�H�O�D�W�L�R�Q�V�K�L�S�V �Z�L�W�K�L�Q �G�D�W�D�� �S�U�R�Y�L�G�H�G �W�K�H�\ �K�D�Y�H �V�X�I�I�L�F�L�H�Q�W

�Q�H�X�U�R�Q�V �L�Q �W�K�H�L�U �K�L�G�G�H�Q �O�D�\�H�U�V �>�����@��

y = f (�: � �[ + �E) ����������

�7�K�L�V �H�T�X�D�W�L�R�Q �U�H�S�U�H�V�H�Q�W�V �W�K�H �E�D�V�L�F �R�S�H�U�D�W�L�R�Q �Z�L�W�K�L�Q �D �Q�H�X�U�R�Q �R�I �D �I�H�H�G�I�R�U�Z�D�U�G �Q�H�X�U�D�O

�Q�H�W�Z�R�U�N�� �+�H�U�H��y �L�V �W�K�H �R�X�W�S�X�W��f �L�V �D�Q �D�F�W�L�Y�D�W�L�R�Q �I�X�Q�F�W�L�R�Q ���V�X�F�K �D�V �V�L�J�P�R�L�G�� �5�H�/�8�� �H�W�F�������:

�L�V �D �Z�H�L�J�K�W �P�D�W�U�L�[���[ �L�V �W�K�H �L�Q�S�X�W �Y�H�F�W�R�U�� �D�Q�G�E�L�V �D �E�L�D�V �Y�H�F�W�R�U�� �7�K�L�V �R�S�H�U�D�W�L�R�Q �L�V �I�X�Q�G�D�P�H�Q�W�D�O

�W�R �K�R�Z �)�1�1�V �P�R�G�H�O �F�R�P�S�O�H�[ �U�H�O�D�W�L�R�Q�V�K�L�S�V �D�Q�G �S�D�W�W�H�U�Q�V �L�Q �G�D�W�D��

�)�1�1�V �I�L�Q�G �H�[�W�H�Q�V�L�Y�H �X�V�H �L�Q �W�D�V�N�V �V�X�F�K �D�V �F�O�D�V�V�L�I�L�F�D�W�L�R�Q �D�Q�G �U�H�J�U�H�V�V�L�R�Q�� �Z�K�H�U�H �W�K�H �R�E�M�H�F��

�W�L�Y�H �L�V �W�R �L�Q�I�H�U �D�Q �R�X�W�S�X�W �I�U�R�P �D �J�L�Y�H�Q �V�H�W �R�I �L�Q�S�X�W�V �E�D�V�H�G �R�Q �O�H�D�U�Q�H�G �G�D�W�D �U�H�S�U�H�V�H�Q�W�D�W�L�R�Q�V��

�7�K�H �P�R�G�H�O�¶�V �L�Q�S�X�W �O�D�\�H�U �U�H�F�H�L�Y�H�V �G�D�W�D ���I�R�U �L�Q�V�W�D�Q�F�H�� �S�L�[�H�O �Y�D�O�X�H�V �I�U�R�P �L�P�D�J�H�V���� �Z�K�L�F�K �L�V �W�K�H�Q

�S�U�R�F�H�V�V�H�G �W�K�U�R�X�J�K �R�Q�H �R�U �P�R�U�H �K�L�G�G�H�Q �O�D�\�H�U�V �W�K�D�W �H�[�W�U�D�F�W �D�Q�G �O�H�D�U�Q �S�D�W�W�H�U�Q�V�� �7�K�H �R�X�W�S�X�W �O�D�\�H�U

�J�H�Q�H�U�D�W�H�V �W�K�H �I�L�Q�D�O �S�U�H�G�L�F�W�L�R�Q �R�U �F�O�D�V�V�L�I�L�F�D�W�L�R�Q �U�H�V�X�O�W�� �X�W�L�O�L�]�L�Q�J �W�K�H �I�H�D�W�X�U�H�V �L�G�H�Q�W�L�I�L�H�G �E�\ �W�K�H

�Q�H�W�Z�R�U�N��

�$ �V�L�J�Q�L�I�L�F�D�Q�W �F�K�D�O�O�H�Q�J�H �D�V�V�R�F�L�D�W�H�G �Z�L�W�K �)�1�1�V �L�V �W�K�H�L�U �K�D�Q�G�O�L�Q�J �R�I �U�D�Z �S�L�[�H�O �G�D�W�D �I�U�R�P

�O�D�U�J�H �L�P�D�J�H�V�� �S�U�L�P�D�U�L�O�\ �G�X�H �W�R �W�K�H �V�X�E�V�W�D�Q�W�L�D�O �Q�X�P�E�H�U �R�I �L�Q�S�X�W �I�H�D�W�X�U�H�V �D�Q�G �W�K�H �D�E�V�H�Q�F�H

�R�I �P�H�F�K�D�Q�L�V�P�V �W�R �H�[�S�O�R�L�W �V�S�D�W�L�D�O �R�U �W�H�P�S�R�U�D�O �V�W�U�X�F�W�X�U�H�V �Z�L�W�K�L�Q �W�K�H �G�D�W�D�� �7�K�L�V �L�V�V�X�H �L�V �R�I��

�W�H�Q �P�L�W�L�J�D�W�H�G �E�\ �S�U�H�S�U�R�F�H�V�V�L�Q�J �W�K�H �G�D�W�D �L�Q�W�R �D �P�R�U�H �F�R�P�S�D�F�W �I�R�U�P �R�U �E�\ �L�Q�W�H�J�U�D�W�L�Q�J �)�1�1�V

�Z�L�W�K �D�U�F�K�L�W�H�F�W�X�U�H�V �O�L�N�H �F�R�Q�Y�R�O�X�W�L�R�Q�D�O �Q�H�X�U�D�O �Q�H�W�Z�R�U�N�V ���&�1�1�V���� �Z�K�L�F�K �D�U�H �L�Q�K�H�U�H�Q�W�O�\ �E�H�W�W�H�U

�V�X�L�W�H�G �I�R�U �S�U�R�F�H�V�V�L�Q�J �L�P�D�J�H �G�D�W�D �G�X�H �W�R �W�K�H�L�U �F�R�Q�Y�R�O�X�W�L�R�Q�D�O �O�D�\�H�U�V �W�K�D�W �F�D�S�W�X�U�H �V�S�D�W�L�D�O �K�L�H�U��

�D�U�F�K�L�H�V �>�����@��

�'�H�V�S�L�W�H �V�X�F�K �F�K�D�O�O�H�Q�J�H�V�� �)�1�1�V �K�D�Y�H �U�H�P�D�L�Q�H�G �I�R�X�Q�G�D�W�L�R�Q�D�O �L�Q �W�K�H �H�Y�R�O�X�W�L�R�Q �R�I �Q�H�X�U�D�O

�Q�H�W�Z�R�U�N �D�U�F�K�L�W�H�F�W�X�U�H�V�� �S�U�R�Y�L�G�L�Q�J �D �F�U�L�W�L�F�D�O �E�D�V�L�V �I�R�U �W�K�H �G�H�Y�H�O�R�S�P�H�Q�W �R�I �P�R�U�H �F�R�P�S�O�H�[ �P�R�G��

�H�O�V �W�D�L�O�R�U�H�G �W�R �V�S�H�F�L�I�L�F �F�K�D�O�O�H�Q�J�H�V �L�Q �F�R�P�S�X�W�H�U �Y�L�V�L�R�Q �D�Q�G �E�H�\�R�Q�G�� �7�K�H�L�U �V�L�P�S�O�L�F�L�W�\�� �F�R�X�S�O�H�G

�Z�L�W�K �W�K�H �U�R�E�X�V�W�Q�H�V�V �R�I �W�K�H�L�U �O�H�D�U�Q�L�Q�J �F�D�S�D�E�L�O�L�W�L�H�V�� �F�R�Q�W�L�Q�X�H�V �W�R �P�D�N�H �)�1�1�V �D�Q �H�V�V�H�Q�W�L�D�O �F�R�P��

�S�R�Q�H�Q�W �R�I �W�K�H �P�D�F�K�L�Q�H �O�H�D�U�Q�L�Q�J �H�F�R�V�\�V�W�H�P �>�����@��

���������� �&�R�Q�Y�R�O�X�W�L�R�Q�D�O �1�H�X�U�D�O �1�H�W�Z�R�U�N�V

�&�R�Q�Y�R�O�X�W�L�R�Q�D�O �1�H�X�U�D�O �1�H�W�Z�R�U�N�V ���&�1�1�V�� �K�D�Y�H �U�H�Y�R�O�X�W�L�R�Q�L�]�H�G �W�K�H �I�L�H�O�G �R�I �F�R�P�S�X�W�H�U �Y�L�V�L�R�Q

�E�\ �H�Q�D�E�O�L�Q�J �W�K�H �H�I�I�H�F�W�L�Y�H �S�U�R�F�H�V�V�L�Q�J �D�Q�G �L�Q�W�H�U�S�U�H�W�D�W�L�R�Q �R�I �Y�L�V�X�D�O �G�D�W�D�� �'�L�V�W�L�Q�F�W �I�U�R�P �)�H�H�G��

�I�R�U�Z�D�U�G �1�H�X�U�D�O �1�H�W�Z�R�U�N�V�� �&�1�1�V �D�U�H �D�G�H�S�W �D�W �D�X�W�R�P�D�W�L�F�D�O�O�\ �O�H�D�U�Q�L�Q�J �V�S�D�W�L�D�O �K�L�H�U�D�U�F�K�L�H�V �R�I

�I�H�D�W�X�U�H�V �I�U�R�P �L�P�D�J�H �G�D�W�D�� �Z�K�L�F�K �S�R�V�L�W�L�R�Q�V �W�K�H�P �D�V �D �F�U�L�W�L�F�D�O �W�R�R�O �I�R�U �D �Z�L�G�H �U�D�Q�J�H �R�I �F�R�P�S�X�W�H�U

�Y�L�V�L�R�Q �W�D�V�N�V �>�����@��

�7�K�H �D�U�F�K�L�W�H�F�W�X�U�H �R�I �D �&�1�1 �L�V �G�L�V�W�L�Q�J�X�L�V�K�H�G �E�\ �L�W�V �F�R�P�S�R�V�L�W�L�R�Q �R�I �F�R�Q�Y�R�O�X�W�L�R�Q�D�O �O�D�\�H�U�V��

�S�R�R�O�L�Q�J �O�D�\�H�U�V�� �D�Q�G �I�X�O�O�\ �F�R�Q�Q�H�F�W�H�G �O�D�\�H�U�V�� �&�R�Q�Y�R�O�X�W�L�R�Q�D�O �O�D�\�H�U�V �H�P�S�O�R�\ �D �V�H�W �R�I �O�H�D�U�Q�D�E�O�H



���� �'�H�H�S �/�H�D�U�Q�L�Q�J

�I�L�O�W�H�U�V �W�K�D�W �D�U�H �D�S�S�O�L�H�G �W�R �W�K�H �L�Q�S�X�W �L�P�D�J�H�V�� �H�I�I�H�F�W�L�Y�H�O�\ �F�D�S�W�X�U�L�Q�J �V�S�D�W�L�D�O �I�H�D�W�X�U�H�V �O�L�N�H �H�G�J�H�V��

�W�H�[�W�X�U�H�V�� �D�Q�G �V�K�D�S�H�V�� �7�K�L�V �P�H�F�K�D�Q�L�V�P �P�D�L�Q�W�D�L�Q�V �W�K�H �V�S�D�W�L�D�O �U�H�O�D�W�L�R�Q�V�K�L�S�V �E�H�W�Z�H�H�Q �S�L�[�H�O�V��

�I�D�F�L�O�L�W�D�W�L�Q�J �W�K�H �Q�H�W�Z�R�U�N�¶�V �D�E�L�O�L�W�\ �W�R �O�H�D�U�Q �L�P�D�J�H �I�H�D�W�X�U�H�V �H�I�I�L�F�L�H�Q�W�O�\��

�=[l ] = �: [l ] � �$[l � 1] + �E[l ] ����������

�7�K�L�V �H�T�X�D�W�L�R�Q �G�H�V�F�U�L�E�H�V �W�K�H �F�R�P�S�X�W�D�W�L�R�Q �Z�L�W�K�L�Q �D �F�R�Q�Y�R�O�X�W�L�R�Q�D�O �O�D�\�H�U�� �Z�K�H�U�H�=[l ] �U�H�S�U�H��

�V�H�Q�W�V �W�K�H �R�X�W�S�X�W �I�H�D�W�X�U�H �P�D�S �R�I �W�K�Hl th �O�D�\�H�U���: [l ] �G�H�Q�R�W�H�V �W�K�H �Z�H�L�J�K�W�V ���I�L�O�W�H�U�V�� �R�I �W�K�Hl th �O�D�\�H�U��

� �V�L�J�Q�L�I�L�H�V �W�K�H �F�R�Q�Y�R�O�X�W�L�R�Q �R�S�H�U�D�W�L�R�Q �D�S�S�O�L�H�G �E�H�W�Z�H�H�Q �W�K�H �I�L�O�W�H�U�V �D�Q�G �W�K�H �L�Q�S�X�W �Y�R�O�X�P�H�$[l � 1]

�I�U�R�P �W�K�H �S�U�H�Y�L�R�X�V �O�D�\�H�U ��l � 1���� �D�Q�G�E[l ] �L�V �W�K�H �E�L�D�V�� �7�K�H �F�R�Q�Y�R�O�X�W�L�R�Q �R�S�H�U�D�W�L�R�Q �K�H�U�H �F�D�S�W�X�U�H�V

�W�K�H �V�S�D�W�L�D�O �G�H�S�H�Q�G�H�Q�F�L�H�V �L�Q �W�K�H �L�Q�S�X�W �W�K�U�R�X�J�K �W�K�H �D�S�S�O�L�F�D�W�L�R�Q �R�I �I�L�O�W�H�U�V�� �D�O�O�R�Z�L�Q�J �W�K�H �Q�H�W�Z�R�U�N

�W�R �H�I�I�L�F�L�H�Q�W�O�\ �O�H�D�U�Q �V�S�D�W�L�D�O �K�L�H�U�D�U�F�K�L�H�V �R�I �I�H�D�W�X�U�H�V �V�X�F�K �D�V �H�G�J�H�V�� �W�H�[�W�X�U�H�V�� �D�Q�G �V�K�D�S�H�V �L�Q �W�K�H

�L�Q�S�X�W �L�P�D�J�H�V��

�3�R�R�O�L�Q�J �O�D�\�H�U�V �V�H�U�Y�H �W�R �U�H�G�X�F�H �W�K�H �G�L�P�H�Q�V�L�R�Q�D�O�L�W�\ �R�I �W�K�H �G�D�W�D�� �D�J�J�U�H�J�D�W�L�Q�J �W�K�H �R�X�W�S�X�W�V

�R�I �Q�H�X�U�R�Q �F�O�X�V�W�H�U�V �D�W �R�Q�H �O�D�\�H�U �L�Q�W�R �D �V�L�Q�J�O�H �Q�H�X�U�R�Q �L�Q �W�K�H �V�X�E�V�H�T�X�H�Q�W �O�D�\�H�U�� �7�K�L�V �U�H�G�X�F�W�L�R�Q

�L�Q �S�D�U�D�P�H�W�H�U�V �D�Q�G �F�R�P�S�X�W�D�W�L�R�Q �K�H�O�S�V �L�Q �D�F�K�L�H�Y�L�Q�J �I�H�D�W�X�U�H �G�H�W�H�F�W�L�R�Q �W�K�D�W �L�V �L�Q�Y�D�U�L�D�Q�W �W�R �V�F�D�O�H

�D�Q�G �R�U�L�H�Q�W�D�W�L�R�Q�� �W�K�X�V �E�R�O�V�W�H�U�L�Q�J �W�K�H �Q�H�W�Z�R�U�N�¶�V �J�H�Q�H�U�D�O�L�]�D�W�L�R�Q �F�D�S�D�E�L�O�L�W�L�H�V �>�����@��

�)�X�O�O�\ �F�R�Q�Q�H�F�W�H�G �O�D�\�H�U�V�� �V�L�W�X�D�W�H�G �W�R�Z�D�U�G�V �W�K�H �H�Q�G �R�I �W�K�H �&�1�1 �D�U�F�K�L�W�H�F�W�X�U�H�� �F�R�Q�V�R�O�L�G�D�W�H

�W�K�H �I�H�D�W�X�U�H�V �O�H�D�U�Q�H�G �E�\ �S�U�H�Y�L�R�X�V �O�D�\�H�U�V �W�R �S�U�R�G�X�F�H �W�K�H �I�L�Q�D�O �R�X�W�S�X�W�� �V�X�F�K �D�V �D �F�O�D�V�V �O�D�E�H�O�� �7�K�H

�L�Q�W�H�J�U�D�W�L�R�Q �R�I �W�K�H�V�H �O�D�\�H�U�V �D�O�O�R�Z�V �&�1�1�V �W�R �F�R�P�S�U�H�K�H�Q�G �W�K�H �L�Q�W�U�L�F�D�W�H �U�H�O�D�W�L�R�Q�V�K�L�S�V �S�U�H�V�H�Q�W

�Z�L�W�K�L�Q �Y�L�V�X�D�O �G�D�W�D�� �H�Q�D�E�O�L�Q�J �D�S�S�O�L�F�D�W�L�R�Q�V �U�D�Q�J�L�Q�J �I�U�R�P �L�P�D�J�H �F�O�D�V�V�L�I�L�F�D�W�L�R�Q �D�Q�G �R�E�M�H�F�W �G�H��

�W�H�F�W�L�R�Q �W�R �F�R�P�S�U�H�K�H�Q�V�L�Y�H �V�F�H�Q�H �X�Q�G�H�U�V�W�D�Q�G�L�Q�J��

�&�1�1�V �K�D�Y�H �E�H�H�Q �S�L�Y�R�W�D�O �L�Q �D�G�Y�D�Q�F�L�Q�J �W�K�H �I�L�H�O�G �R�I �F�R�P�S�X�W�H�U �Y�L�V�L�R�Q�� �H�Q�K�D�Q�F�L�Q�J �W�K�H �D�Q�D�O��
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�R�X�W�G�R�R�U �L�P�D�J�H�� �W�K�X�V �H�Q�K�D�Q�F�L�Q�J �W�K�H �U�H�D�O�L�V�P �L�Q �F�R�P�S�X�W�H�U���J�H�Q�H�U�D�W�H�G �L�P�D�J�H�U�\�� �7�K�H�V�H �F�R�O�O�H�F��
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�D�Q�G �V�K�D�G�L�Q�J�� �$�Q �D�G�G�L�W�L�R�Q�D�O �0�/�3 �Q�H�W�Z�R�U�N�� �L�O�O�X�V�W�U�D�W�H�G �L�Q �R�U�D�Q�J�H�� �O�R�F�D�W�H�G �D�W �W�K�H �E�R�W�W�R�P�� �S�U�R��

�F�H�V�V�H�V �W�K�H �O�D�W�H�Q�W �Y�D�U�L�D�E�O�H �I�U�R�P �W�K�H �G�H�H�S�H�V�W �O�H�Y�H�O �R�I �W�K�H �8���1�H�W �W�R �H�V�W�L�P�D�W�H �W�K�H �O�L�J�K�W�L�Q�J �F�R�Q�G�L��

�W�L�R�Q �R�I �W�K�H �L�Q�S�X�W �L�P�D�J�H�� �U�H�S�U�H�V�H�Q�W�H�G �E�\ �S�D�U�D�P�H�W�H�U�V �V�X�F�K �D�V �D�O�W�L�W�X�G�H �D�Q�G �D�]�L�P�X�W�K��

�)�L�J�X�U�H ���������7�U�L�S�O�H�W �,�P�D�J�H �(�[�D�P�S�O�H�V�� �,�P�D�J�H ���E�� �V�K�D�U�H�V �W�K�H �V�D�P�H �D�O�E�H�G�R �D�V �L�P�D�J�H ���D�� �E�X�W �G�L�I��

�I�H�U�V �L�Q �O�L�J�K�W�L�Q�J �F�R�Q�G�L�W�L�R�Q�V�� �O�H�D�G�L�Q�J �W�R �D �G�L�V�W�L�Q�F�W �V�K�D�G�L�Q�J �H�I�I�H�F�W�� �,�P�D�J�H ���F���� �Z�K�L�O�H �P�D�L�Q�W�D�L�Q�L�Q�J

�W�K�H �V�D�P�H �O�L�J�K�W�L�Q�J �F�R�Q�G�L�W�L�R�Q�V �D�V �L�P�D�J�H ���D���� �I�H�D�W�X�U�H�V �R�E�M�H�F�W�V �Z�L�W�K �G�L�I�I�H�U�H�Q�W �D�O�E�H�G�R��

�)�L�J���������S�U�R�Y�L�G�H�V �D�Q �R�Y�H�U�Y�L�H�Z �R�I �W�K�L�V �F�R�U�H �V�W�U�X�F�W�X�U�H��

�7�K�L�V �F�R�U�H �Q�H�W�Z�R�U�N �L�V �U�H�S�O�L�F�D�W�H�G �W�K�U�H�H �W�L�P�H�V �W�R �I�R�U�P �D �6�L�D�P�H�V�H �Q�H�W�Z�R�U�N�� �$�O�O �W�K�U�H�H �Q�H�W��

�Z�R�U�N�V �V�K�D�U�H �W�K�H �V�D�P�H �L�Q�L�W�L�D�O �Z�H�L�J�K�W�V �D�Q�G �D�U�H �X�S�G�D�W�H�G �L�G�H�Q�W�L�F�D�O�O�\ �G�X�U�L�Q�J �W�U�D�L�Q�L�Q�J�� �7�K�H �U�H�I��

�H�U�H�Q�F�H �L�P�D�J�HI 1 �D�Q�G �W�K�H �V�H�F�R�Q�G �L�P�D�J�HI 2 �V�K�D�U�H �W�K�H �V�D�P�H �D�O�E�H�G�R �F�R�P�S�R�Q�H�Q�W �E�X�W �G�L�I�I�H�U �L�Q

�V�K�D�G�L�Q�J�� �&�R�Q�Y�H�U�V�H�O�\�� �W�K�H �W�K�L�U�G �L�P�D�J�HI 3 �V�K�D�U�H�V �W�K�H �V�D�P�H �V�K�D�G�L�Q�J �F�R�P�S�R�Q�H�Q�W �D�V �W�K�H �U�H�I�H�U��

�H�Q�F�H �E�X�W �K�D�V �D �G�L�I�I�H�U�H�Q�W �D�O�E�H�G�R �F�R�P�S�R�Q�H�Q�W�� �)�L�J���������V�K�R�Z�V �D�Q �H�[�D�P�S�O�H �R�I �W�K�L�V �W�U�L�S�O�H�W �D�Q�G

�)�L�J���������L�O�O�X�V�W�U�D�W�H�V �W�K�H �F�R�P�S�O�H�W�H �Q�H�W�Z�R�U�N �V�W�U�X�F�W�X�U�H �D�O�R�Q�J �Z�L�W�K �H�[�D�P�S�O�H�V �R�I �L�Q�S�X�W�V �D�Q�G �R�X�W�S�X�W�V��

�/�H�Y�H�U�D�J�L�Q�J �W�K�L�V �U�H�O�D�W�L�R�Q�V�K�L�S �D�P�R�Q�J �W�K�H �W�U�L�S�O�H�W �L�P�D�J�H�V�� �Z�H �G�H�I�L�Q�H �W�K�H �O�R�V�V �I�X�Q�F�W�L�R�Q �E�D�V�H�G

�R�Q �W�K�H �Q�H�W�Z�R�U�N �R�X�W�S�X�W�V��An ��Sn �� �D�Q�G~vn �� �,�Q�L�W�L�D�O�O�\�� �W�K�H �O�R�V�V �I�X�Q�F�W�L�R�Q �I�R�U �W�K�H �L�Q�W�U�L�Q�V�L�F �F�R�P�S�R��



�0�H�W�K�R�G ����

�)�L�J�X�U�H ���������6�L�D�P�H�V�H �Q�H�W�Z�R�U�N �V�W�U�X�F�W�X�U�H�� �7�K�H �F�R�U�H �Q�H�W�Z�R�U�N �L�V �U�H�S�O�L�F�D�W�H�G �W�K�U�H�H �W�L�P�H�V�� �V�K�D�U�L�Q�J

�W�K�H �V�D�P�H �Z�H�L�J�K�W�V�� �)�R�U �D �J�L�Y�H�Q �V�H�W �R�I �W�U�L�S�O�H�W �L�P�D�J�H�V�� �W�K�H �O�R�V�V �L�V �F�D�O�F�X�O�D�W�H�G �E�D�V�H�G �R�Q �W�K�H�L�U

�L�Q�W�U�L�Q�V�L�F �G�H�F�R�P�S�R�V�L�W�L�R�Q �D�Q�G �O�L�J�K�W�L�Q�J �H�V�W�L�P�D�W�L�R�Q �U�H�V�X�O�W�V��

�Q�H�Q�W�V �Z�D�V �I�R�U�P�X�O�D�W�H�G �D�V �I�R�O�O�R�Z�V��

L1 = �0�6�((A2 � S1; I 1)

L2 = �0�6�((A1 � S2; I 2)

L3 = �0�6�((A1 � S3; I 1)

L4 = �0�6�((A3 � S1; I 3)

L recon = L1 + L2 + L3 + L4;

����������

�Z�K�H�U�HAn �D�Q�GSn �L�Q�G�L�F�D�W�H �W�K�H �D�O�E�H�G�R �D�Q�G �V�K�D�G�L�Q�J �R�I �W�K�Hn���W�K �L�P�D�J�H��I n �� �:�H �D�V�V�X�P�H �W�K�H

�G�H�F�R�P�S�R�V�L�W�L�R�QI n = An � Sn ��

�7�K�H �V�H�F�R�Q�G �F�R�P�S�R�Q�H�Q�W��L lighting �� �L�V �F�D�O�F�X�O�D�W�H�G �D�V �W�K�H �F�R�V�L�Q�H �G�L�V�V�L�P�L�O�D�U�L�W�\ �E�H�W�Z�H�H�Q �W�K�H

�J�U�R�X�Q�G �W�U�X�W�K �O�L�J�K�W�L�Q�J �G�L�U�H�F�W�L�R�Q ��vgt �� �D�Q�G �W�K�H �S�U�H�G�L�F�W�H�G �O�L�J�K�W�L�Q�J �G�L�U�H�F�W�L�R�Q ��vpred ���� �J�L�Y�H�Q �E�\��

L lighting = 1 � ~vgt � ~vpred/ k~vpredk; ����������

�Z�K�H�U�Hvgt �L�V �D �X�Q�L�W �Y�H�F�W�R�U�� �1�R�W�H �W�K�D�W �W�K�H �W�U�L�S�O�H�W �F�R�Q�G�L�W�L�R�Q �G�R�H�V �Q�R�W �D�I�I�H�F�W �W�K�H �O�L�J�K�W�L�Q�J �G�L�U�H�F�W�L�R�Q

�O�R�V�V�� �D�V �Z�H �D�V�V�X�P�H �W�K�H �D�Y�D�L�O�D�E�L�O�L�W�\ �R�I �W�K�H �J�U�R�X�Q�G �W�U�X�W�K �V�X�Q �G�L�U�H�F�W�L�R�Q �I�R�U �E�R�W�K �V�\�Q�W�K�H�W�L�F �D�Q�G

�U�H�D�O �L�P�D�J�H�V��



���� �(�[�S�H�U�L�P�H�Q�W

�7�K�H�U�H�I�R�U�H�� �W�K�H �W�R�W�D�O �O�R�V�V �I�X�Q�F�W�L�R�Q�� �/�R�V�V�� �L�Q�W�H�J�U�D�W�H�V �E�R�W�K �U�H�F�R�Q�V�W�U�X�F�W�L�R�Q �D�Q�G �O�L�J�K�W�L�Q�J �D�F��

�F�X�U�D�F�\ �D�V�S�H�F�W�V��

�/�R�V�V= L recon + L lighting ����������

�7�K�L�V �O�R�V�V �I�X�Q�F�W�L�R�Q �I�U�D�P�H�Z�R�U�N �L�V �F�U�X�F�L�D�O �I�R�U �E�D�O�D�Q�F�L�Q�J �W�K�H �I�L�G�H�O�L�W�\ �R�I �L�P�D�J�H �G�H�F�R�P�S�R�V�L��

�W�L�R�Q �D�J�D�L�Q�V�W �W�K�H �D�F�F�X�U�D�F�\ �R�I �O�L�J�K�W�L�Q�J �H�V�W�L�P�D�W�L�R�Q�� �H�Q�V�X�U�L�Q�J �D �F�R�P�S�U�H�K�H�Q�V�L�Y�H �D�S�S�U�R�D�F�K �W�R �W�K�H

�L�Q�W�U�L�Q�V�L�F �L�P�D�J�H �G�H�F�R�P�S�R�V�L�W�L�R�Q �F�K�D�O�O�H�Q�J�H��

�7�U�D�L�Q�L�Q�J �R�I �W�K�H �6�L�D�P�H�V�H �Q�H�W�Z�R�U�N �Z�D�V �S�U�H�G�R�P�L�Q�D�Q�W�O�\ �F�R�Q�G�X�F�W�H�G �R�Q �V�\�Q�W�K�H�W�L�F �V�F�H�Q�H�V �U�H�Q��

�G�H�U�H�G �L�Q �%�O�H�Q�G�H�U�� �J�L�Y�H�Q �W�K�H �F�K�D�O�O�H�Q�J�H�V �L�Q �D�F�T�X�L�U�L�Q�J �U�H�D�O���Z�R�U�O�G �W�U�L�S�O�H�W �L�P�D�J�H�V��

������ �(�[�S�H�U�L�P�H�Q�W

�:�H �G�H�V�L�J�Q�H�G �R�X�U �H�[�S�H�U�L�P�H�Q�W�V �W�R �H�Y�D�O�X�D�W�H �W�K�H �H�I�I�H�F�W�L�Y�H�Q�H�V�V �R�I �R�X�U �P�H�W�K�R�G�V�� �7�K�H �8���1�H�W �D�U��

�F�K�L�W�H�F�W�X�U�H �X�W�L�O�L�]�H�G �I�R�U �W�K�H�V�H �H�[�S�H�U�L�P�H�Q�W�V �I�R�O�O�R�Z�H�G �W�K�H �V�W�D�Q�G�D�U�G �V�W�U�X�F�W�X�U�H�� �N�Q�R�Z�Q �I�R�U �L�W�V �S�U�R��

�I�L�F�L�H�Q�F�\ �L�Q �L�P�D�J�H���W�R���L�P�D�J�H �W�U�D�Q�V�O�D�W�L�R�Q �W�D�V�N�V�� �7�K�H �Q�H�W�Z�R�U�N �Z�D�V �F�R�Q�I�L�J�X�U�H�G �W�R �D�F�F�H�S�W �L�Q�S�X�W

�5�*�% �L�P�D�J�H�V �D�W �D �U�H�V�R�O�X�W�L�R�Q �R�I �������[�������� �7�K�L�V �G�H�V�L�J�Q �F�K�R�L�F�H �Z�D�V �L�Q�V�W�U�X�P�H�Q�W�D�O �L�Q �P�D�L�Q�W�D�L�Q��

�L�Q�J �D �E�D�O�D�Q�F�H �E�H�W�Z�H�H�Q �F�R�P�S�X�W�D�W�L�R�Q�D�O �H�I�I�L�F�L�H�Q�F�\ �D�Q�G �W�K�H �U�H�V�R�O�X�W�L�R�Q �Q�H�F�H�V�V�D�U�\ �I�R�U �F�D�S�W�X�U�L�Q�J

�G�H�W�D�L�O�H�G �L�P�D�J�H �I�H�D�W�X�U�H�V�� �7�K�H �R�X�W�S�X�W �I�U�R�P �W�K�H �8���1�H�W �F�R�P�S�U�L�V�H�G �D�O�E�H�G�R �D�Q�G �V�K�D�G�L�Q�J �L�P�D�J�H�V��

�P�D�W�F�K�L�Q�J �W�K�H �U�H�V�R�O�X�W�L�R�Q �R�I �W�K�H �L�Q�S�X�W �L�P�D�J�H�V�� �7�K�L�V �H�Q�V�X�U�H�G �D �K�L�J�K���I�L�G�H�O�L�W�\ �U�H�F�R�Q�V�W�U�X�F�W�L�R�Q �R�I

�W�K�H �L�Q�W�U�L�Q�V�L�F �F�R�P�S�R�Q�H�Q�W�V �I�U�R�P �W�K�H �R�U�L�J�L�Q�D�O �5�*�% �L�P�D�J�H�V��

�&�R�P�S�O�H�P�H�Q�W�L�Q�J �W�K�H �8���1�H�W�� �D �U�H�I�L�Q�H �Q�H�W�Z�R�U�N �Z�D�V �H�P�S�O�R�\�H�G �W�R �H�V�W�L�P�D�W�H �W�K�H �O�L�J�K�W�L�Q�J �F�R�Q��

�G�L�W�L�R�Q�V�� �7�K�L�V �Q�H�W�Z�R�U�N �Z�D�V �D �V�L�P�S�O�H �0�/�3 �F�R�P�S�R�V�H�G �R�I �W�K�U�H�H �G�H�Q�V�H �O�D�\�H�U�V�� �7�K�H �0�/�3�¶�V

�G�H�V�L�J�Q �I�R�F�X�V�H�G �R�Q �H�[�W�U�D�F�W�L�Q�J �D�Q�G �S�U�R�F�H�V�V�L�Q�J �W�K�H �O�D�W�H�Q�W �Y�D�U�L�D�E�O�H�V �R�E�W�D�L�Q�H�G �I�U�R�P �W�K�H �G�H�H�S�H�V�W

�O�H�Y�H�O �R�I �W�K�H �8���1�H�W�� �W�U�D�Q�V�O�D�W�L�Q�J �W�K�H�P �L�Q�W�R �P�H�D�Q�L�Q�J�I�X�O �O�L�J�K�W�L�Q�J �S�D�U�D�P�H�W�H�U�V �V�X�F�K �D�V �D�O�W�L�W�X�G�H �D�Q�G

�D�]�L�P�X�W�K��

�)�R�U �G�D�W�D�V�H�W �J�H�Q�H�U�D�W�L�R�Q�� �W�Z�R �W�\�S�H�V �R�I �V�\�Q�W�K�H�W�L�F �G�D�W�D�V�H�W�V �Z�H�U�H �F�U�H�D�W�H�G�� �7�K�H �I�L�U�V�W �G�D�W�D�V�H�W

�F�R�P�S�U�L�V�H�G �L�P�D�J�H�V �J�H�Q�H�U�D�W�H�G �I�U�R�P �S�U�L�P�L�W�L�Y�H ���' �V�F�H�Q�H�V�� �G�H�V�L�J�Q�H�G �W�R �W�H�V�W �W�K�H �P�R�G�H�O�¶�V �F�D�S�D�E�L�O��

�L�W�\ �L�Q �D �F�R�Q�W�U�R�O�O�H�G �H�Q�Y�L�U�R�Q�P�H�Q�W �Z�L�W�K �V�L�P�S�O�H�U �V�F�H�Q�H �V�W�U�X�F�W�X�U�H�V�� �7�K�H �V�H�F�R�Q�G �G�D�W�D�V�H�W �L�Q�Y�R�O�Y�H�G

�P�R�U�H �F�R�P�S�O�H�[ �D�Q�G �U�H�D�O�L�V�W�L�F ���' �V�F�H�Q�H�V�� �D�L�P�L�Q�J �W�R �F�K�D�O�O�H�Q�J�H �D�Q�G �H�Y�D�O�X�D�W�H �W�K�H �P�R�G�H�O�¶�V �S�H�U��

�I�R�U�P�D�Q�F�H �X�Q�G�H�U �P�R�U�H �L�Q�W�U�L�F�D�W�H �D�Q�G �Y�D�U�L�H�G �F�R�Q�G�L�W�L�R�Q�V�� �$�G�G�L�W�L�R�Q�D�O�O�\�� �W�K�H �P�H�W�K�R�G �Z�D�V �W�H�V�W�H�G

�R�Q �W�K�H �.�,�7�7�, �G�D�W�D�V�H�W�� �S�U�L�P�D�U�L�O�\ �I�R�U �O�L�J�K�W�L�Q�J �H�V�W�L�P�D�W�L�R�Q�� �7�K�L�V �U�H�D�O���Z�R�U�O�G �G�D�W�D�V�H�W �V�H�U�Y�H�G �D�V

�D �F�U�X�F�L�D�O �E�H�Q�F�K�P�D�U�N�� �D�O�E�H�L�W �R�Q�O�\ �I�R�U �W�K�H �O�L�J�K�W�L�Q�J �H�V�W�L�P�D�W�L�R�Q �D�V�S�H�F�W�� �D�V �L�W �G�R�H�V �Q�R�W �S�U�R�Y�L�G�H

�J�U�R�X�Q�G �W�U�X�W�K �G�D�W�D �I�R�U �D�O�E�H�G�R �D�Q�G �V�K�D�G�L�Q�J�� �7�K�H �L�Q�F�O�X�V�L�R�Q �R�I �W�K�H �.�,�7�7�, �G�D�W�D�V�H�W �L�Q �W�K�H �W�H�V�W�L�Q�J
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�,�Q �R�X�U �I�L�U�V�W �V�W�X�G�\ �>���@ ���K�H�U�H�D�I�W�H�U �U�H�I�H�U�U�H�G �W�R �D�V �W�K�H�µ�)�R�X�U���6�W�D�J�H �$�S�S�U�R�D�F�K�¶���� �Z�H �L�Q�W�U�R�G�X�F�H�G

�D �S�L�R�Q�H�H�U�L�Q�J �D�S�S�U�R�D�F�K �I�R�U �U�R�E�X�V�W�O�\ �H�V�W�L�P�D�W�L�Q�J �W�K�H �J�O�R�E�D�O �V�X�Q �G�L�U�H�F�W�L�R�Q �L�Q �R�X�W�G�R�R�U �H�Q�Y�L�U�R�Q��

�P�H�Q�W�V �E�\ �H�[�S�O�R�L�W�L�Q�J �W�K�H �V�S�D�W�L�D�O �D�Q�G �W�H�P�S�R�U�D�O �F�R�K�H�U�H�Q�F�\ �S�U�H�V�H�Q�W �L�Q �O�L�J�K�W�L�Q�J �F�R�Q�G�L�W�L�R�Q�V�� �7�K�L�V

�D�S�S�U�R�D�F�K �L�Q�Y�R�O�Y�H�V �D �Q�H�Z �I�R�X�U���V�W�D�J�H �S�R�V�W���S�U�R�F�H�V�V�L�Q�J �P�H�W�K�R�G �W�K�D�W �F�R�P�E�L�Q�H�V �V�S�D�W�L�D�O �D�Q�G �W�H�P��

�S�R�U�D�O �I�L�O�W�H�U�L�Q�J �Z�L�W�K �R�X�W�O�L�H�U �G�H�W�H�F�W�L�R�Q�� �%�\ �D�Q�D�O�\�]�L�Q�J �V�X�E���Y�L�H�Z�V �R�I �D�Q �L�P�D�J�H �V�H�T�X�H�Q�F�H�� �R�X�U

�P�H�W�K�R�G �H�I�I�H�F�W�L�Y�H�O�\ �V�D�P�S�O�H�V �D�F�U�R�V�V �E�R�W�K �D�Q�J�X�O�D�U �D�Q�G �W�H�P�S�R�U�D�O �G�R�P�D�L�Q�V�� �7�K�L�V �G�X�D�O���G�R�P�D�L�Q

�V�D�P�S�O�L�Q�J �R�I�I�H�U�V �D �W�Z�R�I�R�O�G �D�G�Y�D�Q�W�D�J�H�� �L�W �I�L�O�W�H�U�V �R�X�W �Q�R�L�V�H �D�Q�G �G�H�W�H�F�W�V �R�X�W�O�L�H�U�V�� �D�Q�G �L�W �H�Q�D�E�O�H�V

�W�K�H �Q�H�X�U�D�O �Q�H�W�Z�R�U�N���E�D�V�H�G �O�L�J�K�W�L�Q�J �H�V�W�L�P�D�W�R�U �W�R �E�H�F�R�P�H �L�Q�Y�D�U�L�D�Q�W �W�R �Y�D�U�L�R�X�V �L�P�D�J�L�Q�J �S�D�U�D�P��

�H�W�H�U�V�� �V�X�F�K �D�V �V�L�]�H�� �D�V�S�H�F�W �U�D�W�L�R�� �D�Q�G �F�D�P�H�U�D �I�R�F�D�O �O�H�Q�J�W�K�� �7�K�H �N�H�\ �F�R�Q�W�U�L�E�X�W�L�R�Q�V �R�I �W�K�L�V �V�W�X�G�\

�D�U�H �D �V�L�Q�J�O�H �L�P�D�J�H���E�D�V�H�G �V�X�Q�O�L�J�K�W �H�V�W�L�P�D�W�L�R�Q �X�V�L�Q�J �D �G�H�H�S �D�U�W�L�I�L�F�L�D�O �Q�H�X�U�D�O �Q�H�W�Z�R�U�N �Z�L�W�K �D

�F�R�Q�Y�R�O�X�W�L�R�Q�D�O �E�O�R�F�N �D�W�W�H�Q�W�L�R�Q �P�R�G�X�O�H�� �D�Q�G �D �X�Q�L�T�X�H �W�X�Q�D�E�O�H �V�W�D�W�L�V�W�L�F�D�O �S�R�V�W���S�U�R�F�H�V�V�L�Q�J �D�S��

�S�U�R�D�F�K�� �Z�K�L�F�K �W�R�J�H�W�K�H�U �P�D�U�N �D �V�L�J�Q�L�I�L�F�D�Q�W �V�W�H�S �I�R�U�Z�D�U�G �L�Q �R�X�W�G�R�R�U �O�L�J�K�W�L�Q�J �H�V�W�L�P�D�W�L�R�Q��

�%�X�L�O�G�L�Q�J �R�Q �W�K�L�V �I�R�X�Q�G�D�W�L�R�Q�� �R�X�U �V�H�F�R�Q�G �V�W�X�G�\ �>�����@ ���K�H�U�H�D�I�W�H�U �U�H�I�H�U�U�H�G �W�R �D�V �W�K�H�µ�(�Q�G���W�R��

�(�Q�G �$�S�S�U�R�D�F�K�¶�� �I�X�U�W�K�H�U �D�G�Y�D�Q�F�H�V �W�K�H �I�L�H�O�G �E�\ �L�Q�W�U�R�G�X�F�L�Q�J �D�Q �L�Q�Q�R�Y�D�W�L�Y�H �H�Q�G���W�R���H�Q�G �P�R�G�H�O

�W�K�D�W �V�X�S�H�U�V�H�G�H�V �W�K�H �L�Q�L�W�L�D�O �V�W�D�W�L�V�W�L�F�D�O �S�R�V�W���S�U�R�F�H�V�V�L�Q�J �P�H�W�K�R�G �Z�L�W�K �D �7�U�D�Q�V�I�R�U�P�H�U �D�U�F�K�L�W�H�F�W�X�U�H��

�7�K�L�V �Q�H�Z �P�R�G�H�O �V�W�U�H�D�P�O�L�Q�H�V �W�K�H �H�V�W�L�P�D�W�L�R�Q �S�U�R�F�H�V�V �E�\ �H�O�L�P�L�Q�D�W�L�Q�J �W�K�H �Q�H�F�H�V�V�L�W�\ �I�R�U �L�Q�W�U�L�F�D�W�H

�K�\�S�H�U�S�D�U�D�P�H�W�H�U �W�X�Q�L�Q�J �D�V�V�R�F�L�D�W�H�G �Z�L�W�K �S�U�H�Y�L�R�X�V �P�H�W�K�R�G�V�� �$�G�G�L�W�L�R�Q�D�O�O�\�� �L�W �L�Q�F�R�U�S�R�U�D�W�H�V �D

�Q�H�Z �K�D�Q�G�F�U�D�I�W�H�G �S�R�V�L�W�L�R�Q�D�O �H�Q�F�R�G�L�Q�J �P�H�F�K�D�Q�L�V�P�� �G�H�V�L�J�Q�H�G �W�R �H�I�I�H�F�W�L�Y�H�O�\ �H�Q�F�R�G�H �O�R�F�D�O �D�Q�G

�J�O�R�E�D�O �F�D�P�H�U�D �D�Q�J�O�H�V �I�R�U �V�S�D�W�L�R���W�H�P�S�R�U�D�O �D�J�J�U�H�J�D�W�L�R�Q�� �2�X�U �H�[�W�H�Q�V�L�R�Q �Q�R�W �R�Q�O�\ �H�Q�K�D�Q�F�H�V

�W�K�H �H�I�I�L�F�L�H�Q�F�\ �R�I �W�K�H �H�V�W�L�P�D�W�L�R�Q �S�U�R�F�H�V�V �E�X�W �D�O�V�R �V�L�J�Q�L�I�L�F�D�Q�W�O�\ �L�P�S�U�R�Y�H�V �W�K�H �U�H�D�O�L�V�P �R�I �W�K�H

�O�L�J�K�W�L�Q�J �P�R�G�H�O�� �%�\ �D�G�R�S�W�L�Q�J �W�K�H �/�D�O�R�Q�G�H���0�D�W�W�K�H�Z�V �R�X�W�G�R�R�U �L�O�O�X�P�L�Q�D�W�L�R�Q �P�R�G�H�O �>�����@�� �R�X�U

�P�H�W�K�R�G �S�U�R�Y�L�G�H�V �D �P�R�U�H �F�R�P�S�U�H�K�H�Q�V�L�Y�H �D�Q�G �U�H�D�O�L�V�W�L�F �H�V�W�L�P�D�W�L�R�Q �R�I �O�L�J�K�W�L�Q�J �F�R�Q�G�L�W�L�R�Q�V�� �7�K�H

�F�R�Q�W�U�L�E�X�W�L�R�Q�V �I�U�R�P �W�K�L�V �V�W�X�G�\ �L�Q�F�O�X�G�H �W�K�H �D�S�S�O�L�F�D�W�L�R�Q �R�I �D�Q �D�W�W�H�Q�W�L�R�Q���E�D�V�H�G �P�R�G�H�O �I�R�U �W�K�H �W�D�V�N

�R�I �O�L�J�K�W�L�Q�J �H�V�W�L�P�D�W�L�R�Q�� �D �S�L�R�Q�H�H�U�L�Q�J �S�R�V�L�W�L�R�Q�D�O �H�Q�F�R�G�L�Q�J �P�H�W�K�R�G �W�D�L�O�R�U�H�G �I�R�U �V�S�D�W�L�R���W�H�P�S�R�U�D�O

�D�J�J�U�H�J�D�W�L�R�Q�� �D�Q�G �D �S�H�U�I�R�U�P�D�Q�F�H �W�K�D�W �V�X�U�S�D�V�V�H�V �H�[�L�V�W�L�Q�J �V�W�D�W�H���R�I���W�K�H���D�U�W �P�H�W�K�R�G�V��

�,�Q �F�R�Q�F�O�X�V�L�R�Q�� �R�X�U �M�R�X�U�Q�H�\ �W�K�U�R�X�J�K �W�K�H �F�R�P�S�O�H�[ �O�D�Q�G�V�F�D�S�H �R�I �V�S�D�W�L�R���W�H�P�S�R�U�D�O �R�X�W�G�R�R�U

�O�L�J�K�W�L�Q�J �H�V�W�L�P�D�W�L�R�Q �U�H�S�U�H�V�H�Q�W�V �D �V�L�J�Q�L�I�L�F�D�Q�W �D�G�Y�D�Q�F�H�P�H�Q�W �L�Q �W�K�H �I�L�H�O�G�� �:�H �K�D�Y�H �W�U�D�Q�V�L�W�L�R�Q�H�G



�5�H�O�D�W�H�G �:�R�U�N ����

�I�U�R�P �D �V�L�Q�J�O�H �L�P�D�J�H���E�D�V�H�G �D�S�S�U�R�D�F�K �Z�L�W�K �S�R�V�W���S�U�R�F�H�V�V�L�Q�J �W�R �D �V�R�S�K�L�V�W�L�F�D�W�H�G �H�Q�G���W�R���H�Q�G

�P�R�G�H�O�� �G�H�P�R�Q�V�W�U�D�W�L�Q�J �W�K�H �S�U�R�I�R�X�Q�G �S�R�W�H�Q�W�L�D�O �R�I �G�H�H�S �O�H�D�U�Q�L�Q�J �L�Q �D�G�G�U�H�V�V�L�Q�J �L�Q�W�U�L�F�D�W�H�� �L�O�O��

�S�R�V�H�G �S�U�R�E�O�H�P�V�� �7�K�H�V�H �F�R�Q�W�U�L�E�X�W�L�R�Q�V �Q�R�W �R�Q�O�\ �V�R�O�L�G�L�I�\ �W�K�H �L�P�S�R�U�W�D�Q�F�H �R�I �S�U�H�F�L�V�H �O�L�J�K�W�L�Q�J

�H�V�W�L�P�D�W�L�R�Q �L�Q �Y�D�U�L�R�X�V �D�S�S�O�L�F�D�W�L�R�Q�V �E�X�W �D�O�V�R �S�D�Y�H �W�K�H �Z�D�\ �I�R�U �P�R�U�H �U�H�D�O�L�V�W�L�F �D�X�J�P�H�Q�W�H�G �U�H�D�O��

�L�W�\ �H�[�S�H�U�L�H�Q�F�H�V �D�Q�G �D �G�H�H�S�H�U �X�Q�G�H�U�V�W�D�Q�G�L�Q�J �R�I �R�X�W�G�R�R�U �V�F�H�Q�H�V��

������ �5�H�O�D�W�H�G �:�R�U�N

�(�V�W�L�P�D�W�L�R�Q �R�I �R�X�W�G�R�R�U �O�L�J�K�W�L�Q�J �F�R�Q�G�L�W�L�R�Q�V �K�D�V �E�H�H�Q �H�[�W�H�Q�V�L�Y�H�O�\ �V�W�X�G�L�H�G �G�X�H �W�R �L�W�V �L�P�S�R�U�W�D�Q�F�H

�L�Q �F�R�P�S�X�W�H�U �J�U�D�S�K�L�F�V �D�Q�G �F�R�P�S�X�W�H�U �Y�L�V�L�R�Q �D�S�S�O�L�F�D�W�L�R�Q�V �>�����������@�� �5�H�O�D�W�H�G �W�H�F�K�Q�L�T�X�H�V �F�D�Q �E�H

�F�D�W�H�J�R�U�L�]�H�G �L�Q�W�R �W�Z�R �S�D�U�W�V�� �R�Q�H �W�K�D�W �D�Q�D�O�\�]�H�V �D �V�L�Q�J�O�H �L�P�D�J�H �>�����������±�����������������������@ �D�Q�G �W�K�H

�R�W�K�H�U �W�K�D�W �X�W�L�O�L�]�H�V �D �V�H�T�X�H�Q�F�H �R�I �L�P�D�J�H�V �>�����������������������@��

���������� �6�L�Q�J�O�H �,�P�D�J�H

�+�R�O�G���*�H�R�I�I�U�R�\ �H�W �D�O�� �>�����@ �S�U�R�S�R�V�H�G �D �P�H�W�K�R�G �W�K�D�W �H�V�W�L�P�D�W�H�V �R�X�W�G�R�R�U �L�O�O�X�P�L�Q�D�W�L�R�Q �I�U�R�P �D

�V�L�Q�J�O�H �O�R�Z �G�\�Q�D�P�L�F �U�D�Q�J�H �L�P�D�J�H �X�V�L�Q�J �D �F�R�Q�Y�R�O�X�W�L�R�Q�D�O �Q�H�X�U�D�O �Q�H�W�Z�R�U�N �>�����@ ���&�1�1���� �7�K�H

�Q�H�W�Z�R�U�N �Z�D�V �D�E�O�H �W�R �F�O�D�V�V�L�I�\ �W�K�H �V�X�Q �O�R�F�D�W�L�R�Q �R�Q ������ �H�Y�H�Q�O�\ �G�L�V�W�U�L�E�X�W�H�G �S�R�V�L�W�L�R�Q�V �R�Q �W�K�H

�K�H�P�L�V�S�K�H�U�H �D�Q�G �H�V�W�L�P�D�W�H�G �R�W�K�H�U �S�D�U�D�P�H�W�H�U�V �V�X�F�K �D�V �V�N�\ �W�X�U�E�L�G�L�W�\�� �H�[�S�R�V�X�U�H�� �D�Q�G �F�D�P�H�U�D

�S�D�U�D�P�H�W�H�U�V��

�$�Q�D�O�\�]�L�Q�J �R�X�W�G�R�R�U �O�L�J�K�W�L�Q�J �F�R�Q�G�L�W�L�R�Q�V �L�V �I�X�U�W�K�H�U �G�H�Y�H�O�R�S�H�G �L�Q �>�����@ �Z�K�H�U�H �W�K�H�\ �L�Q�F�R�U�S�R��

�U�D�W�H�G �D �P�R�U�H �G�H�O�L�F�D�W�H �L�O�O�X�P�L�Q�D�W�L�R�Q �P�R�G�H�O �>�����@�� �7�K�H �S�U�H�G�L�F�W�H�G �S�D�U�D�P�H�W�H�U�V �Z�H�U�H �H�Y�D�O�X�D�W�H�G

�Q�X�P�H�U�L�F�D�O�O�\ �Z�L�W�K �W�K�H �J�U�R�X�Q�G �W�U�X�W�K �Y�D�O�X�H�V �D�Q�G �U�D�W�K�H�U �T�X�D�O�L�W�D�W�L�Y�H�O�\ �D�V�V�H�V�V�H�G �E�\ �X�V�L�Q�J �W�K�H �U�H�Q��

�G�H�U �O�R�V�V��

�-�L�Q �H�W �D�O�� �>�����@ �D�Q�G �=�K�D�Q�J �H�W �D�O�� �>�����@ �D�O�V�R �S�U�R�S�R�V�H�G �V�L�Q�J�O�H �L�P�D�J�H �E�D�V�H�G �O�L�J�K�W�L�Q�J �H�V�W�L�P�D�W�L�R�Q

�P�H�W�K�R�G�V�� �:�K�L�O�H �W�K�H�L�U �S�U�H�G�H�F�H�V�V�R�U�V �>�����������@ �J�H�Q�H�U�D�W�H�G �D �S�U�R�E�D�E�L�O�L�W�\ �G�L�V�W�U�L�E�X�W�L�R�Q �R�I �W�K�H �V�X�Q

�S�R�V�L�W�L�R�Q �R�Q �W�K�H �G�L�V�F�U�H�W�L�]�H�G �K�H�P�L�V�S�K�H�U�H�� �W�K�H �V�X�Q �S�R�V�L�W�L�R�Q �S�D�U�D�P�H�W�H�U�V �Z�H�U�H �G�L�U�H�F�W�O�\ �U�H�J�U�H�V�V�H�G

�I�U�R�P �W�K�H�L�U �Q�H�W�Z�R�U�N�V�� �5�H�F�H�Q�W�O�\�� �=�K�X �H�W �D�O�� �>�����@ �F�R�P�E�L�Q�H�G �O�L�J�K�W�L�Q�J �H�V�W�L�P�D�W�L�R�Q �Z�L�W�K �L�Q�W�U�L�Q�V�L�F

�L�P�D�J�H �G�H�F�R�P�S�R�V�L�W�L�R�Q�� �$�O�W�K�R�X�J�K �W�K�H�\ �D�F�K�L�H�Y�H�G �D �Q�R�W�L�F�H�D�E�O�H �U�H�V�X�O�W �L�Q �V�X�Q �S�R�V�L�W�L�R�Q �H�V�W�L�P�D�W�L�R�Q
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�K�H�Q�V�L�Y�H �V�H�W �R�I ���� �S�D�U�D�P�H�W�H�U�V��

f LM (�O; qLM ) = �Zsun f sun (�O; �; �; �Osun ) + �Zsky f sky (�O; t; �Osun );

f sun (�O; �; �; �Osun ) = �H�[�S(� � �H�[�S(� � / �F�R�V
 �O)) ;

f sky (�O; t; �Osun ) = f P (� �O; 
 �O; t);

qLM = f �Zsun ; �Zsky ; �; �; t; �Osun g

�7�K�H�V�H �S�D�U�D�P�H�W�H�U�V �L�Q�F�O�X�G�H�Zsun 2 R3 �D�Q�G�Zsky 2 R3 �U�H�S�U�H�V�H�Q�W�L�Q�J �P�H�D�Q �V�X�Q �D�Q�G �V�N�\

�F�R�O�R�U�V�� �V�X�Q �V�K�D�S�H �G�H�V�F�U�L�S�W�R�U�V ��� ��� ���� �V�N�\ �W�X�U�E�L�G�L�W�\t�� �D�Q�G �W�K�H �V�X�Q�¶�V �S�R�V�L�W�L�R�Q�Osun = [ � sun ; � sun ]��

�7�K�H �D�Q�J�O�H� �O�D�Q�G
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L t =
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Lparam =
1
5

h
L �Zsun + L �Zsky + Lbeta + L kappa + L t

i
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�6�L�Q�F�H �W�K�H �W�Z�R �O�R�V�V �I�X�Q�F�W�L�R�Q�VL sun �D�Q�GLparam �K�D�Y�H �V�L�P�L�O�D�U �P�D�J�Q�L�W�X�G�H�V�� �Z�H �G�H�I�L�Q�H �W�K�H

�I�L�Q�D�O �O�R�V�V �I�X�Q�F�W�L�R�Q �D�V �W�K�H �V�X�P �R�I �W�K�H�P��

L light = L sun + Lparam : ������������

�$�W�W�H�Q�W�L�R�Q���E�D�V�H�G �$�J�J�U�H�J�D�W�L�R�Q
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�S�U�R�F�H�V�V�L�Q�J �L�P�D�J�H�V �Z�L�W�K �D �F�R�Q�Y�R�O�X�W�L�R�Q�D�O �Q�H�X�U�D�O �Q�H�W�Z�R�U�N�� �*�L�Y�H�Q �D �W�H�P�S�R�U�D�O �V�H�T�X�H�Q�F�H �R�Ik

�L�P�D�J�H�V�� �Z�H �I�L�U�V�W �V�H�O�H�F�Wn �V�S�D�W�L�D�O�O�\ �U�D�Q�G�R�P�L�]�H�G �F�U�R�S�V �I�R�U �H�D�F�K �I�U�D�P�H �D�V �G�R�Q�H �L�Q �R�X�U �S�U�H�Y�L�R�X�V

�Z�R�U�N �>���@�� �)�R�U �H�D�F�K �F�U�R�S�� �Z�H �D�S�S�O�\ �D �5�H�V�1�H�W���� �>���@ �H�Q�F�R�G�H�U �W�R �H�[�W�U�D�F�W �I�H�D�W�X�U�H �H�P�E�H�G�G�L�Q�J�V��

�(�D�F�K �H�P�E�H�G�G�H�G �S�D�W�F�K �L�V �I�H�G �D�V �L�Q�S�X�W �W�R �R�X�U �W�U�D�Q�V�I�R�U�P�H�U �P�R�G�X�O�H �I�R�U �D�J�J�U�H�J�D�W�L�R�Q�� �7�K�H �Y�L�U�W�X�H

�R�I �W�K�H �W�U�D�Q�V�I�R�U�P�H�U �Q�H�W�Z�R�U�N �L�V �W�K�D�W �L�W �F�D�Q �D�V�V�R�F�L�D�W�H �R�E�V�H�U�Y�D�W�L�R�Q�V �I�U�R�P �G�L�I�I�H�U�H�Q�W �V�S�D�F�H �D�Q�G

�W�L�P�H �J�L�Y�H�Q �D �S�U�R�S�H�U �S�R�V�L�W�L�R�Q�D�O �H�Q�F�R�G�L�Q�J�� �6�L�Q�F�H �D�O�O �L�P�D�J�H �S�D�W�F�K�H�V �V�K�D�U�H �W�K�H �V�D�P�H �O�L�J�K�W�L�Q�J

�F�R�Q�G�L�W�L�R�Q �D�Q�G �Z�H �D�V�V�X�P�H �Z�H �N�Q�R�Z �W�K�H�L�U �U�H�O�D�W�L�Y�H �R�U�L�H�Q�W�D�W�L�R�Q �G�X�H �W�R �W�K�H �H�J�R���P�R�W�L�R�Q �H�V�W�L�P�D��

�W�L�R�Q�� �W�K�H �7�U�D�Q�V�I�R�U�P�H�U�¶�V �D�W�W�H�Q�W�L�R�Q �P�H�F�K�D�Q�L�V�P �L�Q�K�H�U�H�Q�W�O�\ �O�H�D�U�Q�V �W�R �I�L�O�W�H�U �W�K�H �Q�R�L�V�\ �S�D�W�F�K���Z�L�V�H

�S�U�H�G�L�F�W�L�R�Q�V�� �+�R�Z�H�Y�H�U�� �Z�H �Q�H�H�G �W�R �S�U�R�Y�L�G�H �W�K�H �U�H�O�D�W�L�Y�H �R�U�L�H�Q�W�D�W�L�R�Q �R�I �W�K�H �S�D�W�F�K�H�V �L�Q �R�U�G�H�U

�W�R �P�D�N�H �W�K�H �O�L�J�K�W �H�V�W�L�P�D�W�L�R�Q �L�Q�Y�D�U�L�D�Q�W �W�R �W�K�H �F�D�P�H�U�D �R�U�L�H�Q�W�D�W�L�R�Q�� �Z�K�L�F�K �Z�H �D�F�K�L�H�Y�H �Y�L�D �W�K�H

�S�R�V�L�W�L�R�Q�D�O �H�Q�F�R�G�L�Q�J��



���� �0�H�W�K�R�G

�2�U�L�H�Q�W�D�W�L�R�Q���L�Q�Y�D�U�L�D�Q�W �3�R�V�L�W�L�R�Q�D�O �(�Q�F�R�G�L�Q�J

�6�R�O�H�O�\ �U�H�O�\�L�Q�J �R�Q �L�P�D�J�H �I�H�D�W�X�U�H�V �H�Q�D�E�O�H�V �R�Q�O�\ �W�R �H�V�W�L�P�D�W�H �W�K�H �O�L�J�K�W�L�Q�J �L�Q �W�K�H �O�R�F�D�O �F�D�P�H�U�D

�I�U�D�P�H�� �+�R�Z�H�Y�H�U�� �Z�H �Q�H�H�G �W�R �I�X�V�H �W�K�H �H�V�W�L�P�D�W�H�V �L�Q�W�R �D �J�O�R�E�D�O �U�H�I�H�U�H�Q�F�H �I�U�D�P�H �L�Q �R�U�G�H�U �W�R

�U�H�O�D�W�H �G�L�I�I�H�U�H�Q�W �V�X�E�L�P�D�J�H�V�� �6�L�Q�F�H �Z�H �D�V�V�X�P�H �V�X�Q���O�L�J�K�W�L�Q�J�� �R�Q�O�\ �W�K�H �G�L�U�H�F�W�L�R�Q�D�O �F�R�P�S�R�Q�H�Q�W

�R�I �D �U�H�F�R�U�G�H�G �F�D�P�H�U�D �L�P�D�J�H �L�V �U�H�O�H�Y�D�Q�W �W�R �D�O�L�J�Q �G�L�I�I�H�U�H�Q�W �I�U�D�P�H�V�� �:�H �L�Q�M�H�F�W �W�K�L�V �F�D�P�H�U�D

�R�U�L�H�Q�W�D�W�L�R�Q �L�Q�W�R �W�K�H �L�P�D�J�H �I�H�D�W�X�U�H�V �Y�L�D �D �S�R�V�L�W�L�R�Q�D�O �H�Q�F�R�G�L�Q�J�� �+�R�Z�H�Y�H�U�� �Z�H �H�Q�F�R�G�H �R�Q�O�\ �W�K�H

�\�D�Z �D�Q�J�O�H �R�I �W�K�H �F�D�P�H�U�D �U�R�W�D�W�L�R�Q�V ���W�K�H �U�R�W�D�W�L�R�Q �D�U�R�X�Q�G �W�K�H �J�U�R�X�Q�G���S�O�D�Q�H �V�X�U�I�D�F�H �Q�R�U�P�D�O��

�V�L�Q�F�H �S�L�W�F�K �D�Q�G �U�R�O�O �D�Q�J�O�H�V �D�U�H �Q�D�W�X�U�D�O�O�\ �F�D�S�W�X�U�H�G �L�Q �W�K�H �L�P�D�J�H �I�H�D�W�X�U�H�V �R�I �R�X�W�G�R�R�U �L�P�D�J�H�V

���H���J���� �K�R�U�L�]�R�Q���� �)�X�U�W�K�H�U�� �Z�H �D�O�V�R �H�Q�F�R�G�H �W�K�H ���' �S�R�V�L�W�L�R�Q �R�I �W�K�H �V�X�E�L�P�D�J�H�V �F�U�R�S�S�H�G �I�U�R�P �W�K�H

�V�R�X�U�F�H �I�U�D�P�H �L�Q�G�H�S�H�Q�G�H�Q�W �R�I �W�K�H �L�Q�W�U�L�Q�V�L�F �F�D�P�H�U�D �S�U�R�M�H�F�W�L�R�Q�� �L���H���� �L�Q �W�H�U�P�V �R�I �Y�L�H�Z�L�Q�J �D�Q�J�O�H�V

� �L�Q �W�K�H �F�R�U�U�H�V�S�R�Q�G�L�Q�J �K�R�U�L�]�R�Q�W�D�O �D�Q�G �Y�H�U�W�L�F�D�O �I�L�H�O�G �R�I �Y�L�H�Z�V�� �)�R�U �H�[�D�P�S�O�H�� �W�K�H �W�R�S �O�H�I�W �S�L�[�H�O

�J�H�W�V �D �F�R�R�U�G�L�Q�D�W�H �R�I
�
� ^ h

2 ; ^ v
2

�
�I�R�U �D �S�L�Q�K�R�O�H �F�D�P�H�U�D �P�R�G�H�O �Z�L�W�K �D �I�L�H�O�G �R�I �Y�L�H�Z �R�I^ h �D�Q�G^ v

�K�R�U�L�]�R�Q�W�D�O�O�\ �D�Q�G �Y�H�U�W�L�F�D�O�O�\�� �U�H�V�S�H�F�W�L�Y�H�O�\�� �7�R �W�K�L�V �H�Q�G�� �Z�H �F�R�Q�F�D�W�H�Q�D�W�H �W�K�H���' �D�Q�J�X�O�D�U �L�P�D�J�H

�F�R�R�U�G�L�Q�D�W�H�D�Q�G �W�K�H ���W�H�P�S�R�U�D�O���F�D�P�H�U�D �U�R�W�D�W�L�R�Q �D�Q�J�O�H�D�Q�G �D�S�S�O�\ �R�X�U �S�R�V�L�W�L�R�Q�D�O �H�Q�F�R�G�L�Q�J�� �:�H

�X�V�H �D�Q �D�E�V�R�O�X�W�H �S�R�V�L�W�L�R�Q�D�O �H�Q�F�R�G�L�Q�J�� �L���H��

xenc
i  � x i + pi ; ������������

�Z�K�H�U�H �W�K�H �S�R�V�L�W�L�R�Q�D�O �H�Q�F�R�G�L�Q�Jpi �D�Q�G �W�K�H �V�X�E�L�P�D�J�H �I�H�D�W�X�U�H �Y�H�F�W�R�Ux i 2 Rd
x �D�U�H �V�X�S�H�U�L�P��

�S�R�V�H�G�� �6�L�P�L�O�D�U �W�R �>�����@ �Z�H �X�V�H �D �I�L�[�H�G �H�Q�F�R�G�L�Q�J �R�I �V�L�Q�H �D�Q�G �F�R�V�L�Q�H �I�X�Q�F�W�L�R�Q�V �Z�L�W�K �G�L�I�I�H�U�H�Q�W

�I�U�H�T�X�H�Q�F�L�H�V��

�6�L�Q�F�H �R�X�U �S�R�V�L�W�L�R�Q�D�O �H�Q�F�R�G�L�Q�J �V�F�K�H�P�H �H�Q�F�R�G�H�V �D�Q�J�O�H�V�� �L�W �K�D�V �W�R �I�X�O�I�L�O�O �W�K�H �I�R�O�O�R�Z�L�Q�J �W�Z�R

�F�R�Q�G�L�W�L�R�Q�V�� �����S�H�U�L�R�G�L�F�L�W�\�� �W�K�H �W�U�D�Q�V�L�W�L�R�Q �I�U�R�P �W�K�H �H�Q�F�R�G�L�Q�J �R�I359� �W�R �W�K�H �H�Q�F�R�G�L�Q�J �R�I0�

�V�K�R�X�O�G �E�H �D�V �V�P�R�R�W�K �D�V �W�K�H �W�U�D�Q�V�L�W�L�R�Q �I�U�R�P0� �W�R1� �D�Q�G �����X�Q�L�T�X�H�Q�H�V�V�� �H�D�F�K �D�Q�J�O�H �V�K�R�X�O�G �K�D�Y�H

�D �X�Q�L�T�X�H �H�Q�F�R�G�L�Q�J�� �:�H �S�U�H�V�H�Q�W �R�X�U �F�\�F�O�L�F �S�R�V�L�W�L�R�Q�D�O �H�Q�F�R�G�L�Q�J�� �V�D�W�L�V�I�\�L�Q�J �W�K�R�V�H �F�R�Q�G�L�W�L�R�Q�V��

�E�\ �X�V�L�Q�J �Q�H�V�W�H�G �W�U�L�J�R�Q�R�P�H�W�L�F �I�X�Q�F�W�L�R�Q�V �D�V �I�R�O�O�R�Z�V��

PE (�; 2i ) = �V�L�Q
�
�V�L�Q(� ) � � /100002i / d

�

PE (�; 2i + 1) = �V�L�Q
�
�F�R�V(� ) � � /100002i / d

�
;

������������

�Z�K�H�U�Hi 2 [0; d
2) �D�Q�Gd �G�H�Q�R�W�H�V �W�K�H �G�H�S�W�K �R�I �W�K�H �S�R�V�L�W�L�R�Q�D�O �H�Q�F�R�G�L�Q�J�� �1�R�W�H �W�K�D�W� �L�V �D�Q �H�P�S�L�U��

�L�F�D�O�O�\ �G�H�W�H�U�P�L�Q�H�G �S�D�U�D�P�H�W�H�U�� �Z�K�L�F�K �F�R�Q�W�U�R�O�V �W�K�H �Z�L�G�W�K �R�I �W�K�H �Q�R�Q�]�H�U�R �D�U�H�D �R�I �W�K�H �H�Q�F�R�G�L�Q�J��

�7�K�H �S�H�U�L�R�G�L�F�L�W�\ �F�R�P�H�V �I�U�R�P �W�K�H �Q�H�V�W�H�G �W�U�L�J�R�Q�R�P�H�W�U�L�F �I�X�Q�F�W�L�R�Q�� �Z�K�H�U�H�D�V �W�K�H �X�Q�L�T�X�H�Q�H�V�V �L�V �H�V��

�W�D�E�O�L�V�K�H�G �E�\ �L�Q�W�H�U�O�D�F�L�Q�J �W�K�H �W�Z�R �I�X�Q�F�W�L�R�Q�V�� �)�L�J���������V�K�R�Z�V �W�K�H �S�R�V�L�W�L�R�Q�D�O �H�Q�F�R�G�L�Q�J �J�H�Q�H�U�D�W�H�G

�E�\ �W�K�H �D�E�R�Y�H �I�X�Q�F�W�L�R�Q��

�7�K�H �U�H�V�X�O�W�L�Q�J �S�R�V�L�W�L�R�Q�D�O �H�Q�F�R�G�L�Q�J �R�I �D �V�X�E�L�P�D�J�H �L�V �W�K�H �V�W�D�F�N�H�G �Y�H�F�W�R�U �R�I �W�K�H �W�K�U�H�H �F�\�F�O�L�F

�S�R�V�L�W�L�R�Q�D�O �H�Q�F�R�G�L�Q�J�V�� �1�R�W�H �W�K�D�W �W�K�H �G�H�S�W�K �S�D�U�D�P�H�W�H�U �G �L�V �F�D�U�H�I�X�O�O�\ �G�H�W�H�U�P�L�Q�H�G �V�R �W�K�D�W �W�K�H

�G�H�S�W�K �R�I �W�K�H �V�W�D�F�N�H�G �Y�H�F�W�R�U �P�D�W�F�K�H�V �W�K�H �F�K�D�Q�Q�H�O �V�L�]�H �R�I �W�K�H �W�U�D�Q�V�I�R�U�P�H�U �Q�H�W�Z�R�U�N��



�0�H�W�K�R�G ����

�)�L�J�X�U�H ���������&�\�F�O�L�F �S�R�V�L�W�L�R�Q�D�O �H�Q�F�R�G�L�Q�J �I�R�U �D�Q�J�O�H� 2 [0; 2� ]�� �7�K�H �S�H�U�L�R�G�L�F�L�W�\ �R�I �R�X�U

�H�Q�F�R�G�L�Q�J �V�F�K�H�P�H �L�V �F�O�H�D�U�O�\ �Y�L�V�L�E�O�H �R�Q �W�K�H �O�H�I�W �V�L�G�H �L�P�D�J�H�V �Z�K�L�O�H �W�K�H�L�U �L�Q�W�H�U�O�D�F�H�G �U�H�V�X�O�W �R�Q �W�K�H

�U�L�J�K�W �V�L�G�H �V�K�R�Z�V �L�W�V �X�Q�L�T�X�H�Q�H�V�V �I�R�U �H�D�F�K �D�Q�J�O�H��

�$�O�L�J�Q�P�H�Q�W

�,�Q �W�K�H �(�Q�G���W�R���(�Q�G �$�S�S�U�R�D�F�K�� �W�K�H �D�O�L�J�Q�P�H�Q�W �R�I �W�K�H �V�X�Q �G�L�U�H�F�W�L�R�Q �F�R�P�S�R�Q�H�Q�W �Z�L�W�K�L�Q �W�K�H ������

�G�L�P�H�Q�V�L�R�Q�D�O �O�L�J�K�W�L�Q�J �S�D�U�D�P�H�W�H�U �Y�H�F�W�R�U �L�V �F�U�X�F�L�D�O�� �D�N�L�Q �W�R �W�K�H �F�D�O�L�E�U�D�W�L�R�Q �V�W�H�S �L�Q �W�K�H �)�R�X�U��

�6�W�D�J�H �$�S�S�U�R�D�F�K�� �7�K�L�V �L�V �E�H�F�D�X�V�H �W�K�H�V�H �H�V�W�L�P�D�W�H�V �D�U�H �L�Q�L�W�L�D�O�O�\ �P�D�G�H �L�Q �H�D�F�K �L�P�D�J�H�¶�V �O�R�F�D�O

�F�D�P�H�U�D �F�R�R�U�G�L�Q�D�W�H �V�\�V�W�H�P�� �E�X�W �I�R�U �D �F�R�P�S�U�H�K�H�Q�V�L�Y�H �D�Q�D�O�\�V�L�V�� �Z�H �Q�H�H�G �W�K�H�P �U�H�S�U�H�V�H�Q�W�H�G �L�Q

�W�K�H �J�O�R�E�D�O �F�R�R�U�G�L�Q�D�W�H �V�\�V�W�H�P��

�7�R �D�O�L�J�Q �W�K�H�V�H �V�X�Q �G�L�U�H�F�W�L�R�Q �H�V�W�L�P�D�W�H�V�� �Z�H �H�P�S�O�R�\ �W�K�H �V�D�P�H �V�W�U�X�F�W�X�U�H���I�U�R�P���P�R�W�L�R�Q ���6�I�0��

�W�H�F�K�Q�L�T�X�H�� �D�V �X�V�H�G �L�Q �W�K�H �)�R�X�U���6�W�D�J�H �$�S�S�U�R�D�F�K�� �U�H�I�H�U�H�Q�F�H�G �L�Q �>�����@�� �7�K�L�V �W�H�F�K�Q�L�T�X�H �L�V �L�Q�V�W�U�X��

�P�H�Q�W�D�O �L�Q �H�V�W�L�P�D�W�L�Q�J �W�K�H �H�J�R���P�R�W�L�R�Q �R�I �W�K�H �L�P�D�J�H �V�H�T�X�H�Q�F�H�� �W�K�H�U�H�E�\ �W�U�D�Q�V�I�R�U�P�L�Q�J �W�K�H �O�R�F�D�O

�V�X�Q �G�L�U�H�F�W�L�R�Q �Y�H�F�W�R�U�V �L�Q�W�R �W�K�H �J�O�R�E�D�O �F�R�R�U�G�L�Q�D�W�H �V�\�V�W�H�P��

�)�R�U �H�D�F�K �I�U�D�P�H�� �L�G�H�Q�W�L�I�L�H�G �D�Vf �� �Z�H �F�D�O�F�X�O�D�W�H �W�K�H �F�D�P�H�U�D �U�R�W�D�W�L�R�Q �P�D�W�U�L�[Rf �� �:�H �W�K�H�Q

�D�O�L�J�Q �W�K�H �V�X�Q �G�L�U�H�F�W�L�R�Q �Y�H�F�W�R�U�V �X�V�L�Q�J �W�K�H �F�D�O�F�X�O�D�W�L�R�Q~̂vpred = R� 1
f � ~vpred �� �7�K�L�V �D�O�L�J�Q�P�H�Q�W �L�V

�H�V�V�H�Q�W�L�D�O �W�R �H�Q�V�X�U�H �W�K�D�W �W�K�H �V�X�Q �G�L�U�H�F�W�L�R�Q �H�V�W�L�P�D�W�H�V �I�U�R�P �H�D�F�K �I�U�D�P�H �D�U�H �D�F�F�X�U�D�W�H�O�\ �R�U�L�H�Q�W�H�G

�Z�L�W�K�L�Q �W�K�H �J�O�R�E�D�O �F�R�R�U�G�L�Q�D�W�H �V�\�V�W�H�P��

�7�K�H �N�H�\ �G�L�V�W�L�Q�F�W�L�R�Q �L�Q �R�X�U �(�Q�G���W�R���(�Q�G �$�S�S�U�R�D�F�K �O�L�H�V �L�Q �W�K�H �I�L�Q�D�O �V�W�H�S �R�I �R�X�U �S�U�R�F�H�V�V��

�+�H�U�H�� �Z�H �W�D�N�H �W�K�H �P�H�D�Q �R�I �W�K�H�V�H �D�O�L�J�Q�H�G �H�V�W�L�P�D�W�H�V �D�F�U�R�V�V �D�O�O ���� �S�D�U�D�P�H�W�H�U�V �W�R �I�R�U�P�X�O�D�W�H �R�X�U

�I�L�Q�D�O �S�U�H�G�L�F�W�L�R�Q�� �7�K�L�V �D�Y�H�U�D�J�L�Q�J �V�W�H�S �L�V �D�S�S�O�L�H�G �Q�R�W �M�X�V�W �W�R �W�K�H �V�X�Q �G�L�U�H�F�W�L�R�Q �H�V�W�L�P�D�W�H�V �E�X�W

�W�R �W�K�H �H�Q�W�L�U�H �V�H�W �R�I �O�L�J�K�W�L�Q�J �S�D�U�D�P�H�W�H�U�V�� �U�H�I�O�H�F�W�L�Q�J �W�K�H �K�R�O�L�V�W�L�F �D�Q�G �L�Q�W�H�J�U�D�W�H�G �Q�D�W�X�U�H �R�I �W�K�H

�(�Q�G���W�R���(�Q�G �$�S�S�U�R�D�F�K��



���� �(�[�S�H�U�L�P�H�Q�W�V

������ �(�[�S�H�U�L�P�H�Q�W�V

���������� �)�R�X�U���6�W�D�J�H �$�S�S�U�R�D�F�K

�'�D�W�D�V�H�W�V

�2�Q�H �R�I �W�K�H �F�R�P�P�R�Q �G�D�W�D�V�H�W�V �F�R�Q�V�L�G�H�U�H�G �L�Q �W�K�H �R�X�W�G�R�R�U �O�L�J�K�W�L�Q�J �H�V�W�L�P�D�W�L�R�Q �P�H�W�K�R�G�V �L�V �W�K�H

�6�8�1������ �G�D�W�D�V�H�W �>���@�� �6�H�Y�H�U�D�O �S�U�H�Y�L�R�X�V �P�H�W�K�R�G�V �X�W�L�O�L�]�H�G �L�W �L�Q �L�W�V �R�U�L�J�L�Q�D�O �S�D�Q�R�U�D�P�D �I�R�U�P �R�U �D�V

�V�X�E�L�P�D�J�H�V �E�\ �J�H�Q�H�U�D�W�L�Q�J �V�\�Q�W�K�H�W�L�F �S�H�U�V�S�H�F�W�L�Y�H �L�P�D�J�H�V �>�����@�� �:�H �I�R�O�O�R�Z �W�K�H �O�D�W�W�H�U �D�S�S�U�R�D�F�K

�V�L�Q�F�H �Z�H �W�U�D�L�Q �R�X�U �Q�H�W�Z�R�U�N �X�V�L�Q�J �V�T�X�D�U�H �L�P�D�J�H�V�� �:�H �I�L�U�V�W �G�L�Y�L�G�H ���� ������ �S�D�Q�R�U�D�P�D �L�P�D�J�H�V

�L�Q�W�R �W�K�H �W�U�D�L�Q�L�Q�J�� �Y�D�O�L�G�D�W�L�R�Q�� �D�Q�G �W�H�V�W �V�H�W�V �Z�L�W�K �D ������������ �U�D�W�L�R�� �)�R�U �W�K�H �W�U�D�L�Q�L�Q�J �D�Q�G �W�K�H �Y�D�O�L�G�D��

�W�L�R�Q �V�H�W�V�� �� �V�X�E�L�P�D�J�H�V �I�U�R�P �H�D�F�K �S�D�Q�R�U�D�P�D �D�U�H �W�D�N�H�Q �E�\ �H�Y�H�Q�O�\ �G�L�Y�L�G�L�Q�J �W�K�H �D�]�L�P�X�W�K �U�D�Q�J�H��

�7�R �L�Q�F�U�H�D�V�H �W�K�H �G�L�Y�H�U�V�L�W�\�� ���� �V�X�E�L�P�D�J�H�V �Z�L�W�K �U�D�Q�G�R�P �D�]�L�P�X�W�K �Y�D�O�X�H�V �D�U�H �J�H�Q�H�U�D�W�H�G �I�U�R�P

�H�D�F�K �S�D�Q�R�U�D�P�D �L�Q �W�K�H �W�H�V�W �V�H�W�� �1�R�W�H �W�K�D�W �Z�H �L�Q�W�U�R�G�X�F�H �V�P�D�O�O �U�D�Q�G�R�P �R�I�I�V�H�W�V �R�Q �W�K�H �F�D�P�H�U�D

�H�O�H�Y�D�W�L�R�Q �Z�L�W�K �U�H�V�S�H�F�W �W�R �W�K�H �K�R�U�L�]�R�Q �L�Q �>� 10� ��10� �@ �D�Q�G �U�D�Q�G�R�P�O�\ �V�H�O�H�F�W �D �F�D�P�H�U�D �I�L�H�O�G �R�I

�Y�L�H�Z �Z�L�W�K�L�Q �D �U�D�Q�J�H �>50� ��80� �@�� �7�K�H �J�H�Q�H�U�D�W�H�G �L�P�D�J�H�V �D�U�H �U�H�V�L�]�H�G �W�R256� 256�� �,�Q �W�K�L�V

�Z�D�\�� �Z�H �S�U�R�G�X�F�H�G ������ �������� ���� �������� �D�Q�G ������ ������ �V�X�E�L�P�D�J�H�V �I�U�R�P ���� �������� ���������� �D�Q�G ��������

�S�D�Q�R�U�D�P�D�V �I�R�U �W�K�H �W�U�D�L�Q�L�Q�J�� �Y�D�O�L�G�D�W�L�R�Q�� �D�Q�G �W�H�V�W �V�H�W�V�� �U�H�V�S�H�F�W�L�Y�H�O�\�� �7�K�H �J�U�R�X�Q�G �W�U�X�W�K �O�D�E�H�O�L�Q�J

�Z�D�V �J�L�Y�H�Q �E�\ �W�K�H �D�X�W�K�R�U�V �R�I �>�����@��

�7�K�H �Z�H�O�O���N�Q�R�Z�Q �.�,�7�7�, �G�D�W�D�V�H�W �>���@ �K�D�V �D�O�V�R �D�W�W�U�D�F�W�H�G �R�X�U �D�W�W�H�Q�W�L�R�Q�� �6�L�Q�F�H �W�K�H �G�D�W�D�V�H�W

�L�V �F�R�P�S�R�V�H�G �R�I �V�H�Y�H�U�D�O �U�H�F�W�L�I�L�H�G �G�U�L�Y�L�Q�J �L�P�D�J�H �V�H�T�X�H�Q�F�H�V �D�Q�G �S�U�R�Y�L�G�H�V �W�K�H �L�Q�I�R�U�P�D�W�L�R�Q �U�H��

�T�X�L�U�H�G �I�R�U �F�D�O�F�X�O�D�W�L�Q�J �W�K�H �J�U�R�X�Q�G �W�U�X�W�K �V�X�Q �G�L�U�H�F�W�L�R�Q�V �>�����@�� �Z�H �X�W�L�O�L�]�H �L�W �I�R�U �E�R�W�K �W�U�D�L�Q�L�Q�J �D�Q�G

�W�H�V�W�� �6�S�H�F�L�I�L�F�D�O�O�\�� �V�L�Q�F�H �W�K�H �U�D�Z �G�D�W�D �Z�D�V �U�H�F�R�U�G�H�G �D�W10Hz�� �Z�H �F�R�O�O�H�F�W �H�Y�H�U�\10th �L�P�D�J�H

�W�R �D�Y�R�L�G �V�H�Y�H�U�H �U�H�S�H�W�L�W�L�R�Q �D�Q�G �V�S�O�L�W �R�I�I �I�L�Y�H �U�D�Q�G�R�P�O�\ �F�K�R�V�H�Q �G�U�L�Y�L�Q�J �V�F�H�Q�H�V �I�R�U �Y�D�O�L�G�D�W�L�R�Q

�D�Q�G �W�H�V�W �V�H�W�� �7�K�H �U�H�V�X�O�W�L�Q�J �W�U�D�L�Q�L�Q�J �V�H�W �L�V �F�R�P�S�R�V�H�G �R�I �������� �L�P�D�J�H�V�� �,�I �Z�H �W�U�D�L�Q �R�X�U �Q�H�W�Z�R�U�N

�X�V�L�Q�J �R�Q�O�\ �R�Q�H �F�U�R�S �I�R�U �H�D�F�K �.�,�7�7�, �L�P�D�J�H�� �W�K�H �Q�H�W�Z�R�U�N �L�V �O�L�N�H�O�\ �W�R �E�H �E�L�D�V�H�G �W�R �W�K�H �6�8�1������

�G�D�W�D�V�H�W �G�X�H �W�R �W�K�H �K�H�D�Y�\ �L�P�E�D�O�D�Q�F�H �L�Q �W�K�H �D�P�R�X�Q�W �R�I �G�D�W�D�� �7�R �P�D�W�F�K �W�K�H �Q�X�P�E�H�U �R�I �V�D�P�S�O�H�V��

�Z�H �F�U�R�S ���� �V�X�E�L�P�D�J�H�V �I�U�R�P �R�Q�H �L�P�D�J�H �E�\ �Y�D�U�\�L�Q�J �W�K�H �F�U�R�S�S�L�Q�J �O�R�F�D�W�L�R�Q �D�Q�G �W�K�H �F�U�R�S �V�L�]�H��

�(�D�F�K �L�P�D�J�H �L�Q �W�K�H �W�H�V�W �V�H�W �L�V �D�J�D�L�Q �F�U�R�S�S�H�G �L�Q�W�R ���� �V�X�E�L�P�D�J�H�V �D�Q�G �W�K�H �F�U�R�S�S�H�G �L�P�D�J�H�V �D�U�H

�D�O�V�R �U�H�V�L�]�H�G �W�R256� 256�� �,�Q �W�R�W�D�O�� �Z�H �W�U�D�L�Q �R�X�U �Q�H�W�Z�R�U�N �R�Q �D�E�R�X�W ������ ������ �L�P�D�J�H�V�� �7�K�H �H�[�D�F�W

�Q�X�P�E�H�U�V �R�I �V�D�P�S�O�H�V �D�U�H �S�U�H�V�H�Q�W�H�G �L�Q �7�D�E�O�H�������D�Q�G �)�L�J���������L�O�O�X�V�W�U�D�W�H�V �H�[�D�P�S�O�H�V �R�I �W�K�H �W�Z�R

�G�D�W�D�V�H�W�V��

�,�P�S�O�H�P�H�Q�W�D�W�L�R�Q �'�H�W�D�L�O�V

�2�X�U �O�L�J�K�W�L�Q�J �H�V�W�L�P�D�W�L�R�Q �P�R�G�H�O �L�V �D �U�H�J�U�H�V�V�L�R�Q �Q�H�W�Z�R�U�N �Z�L�W�K �F�R�Q�Y�R�O�X�W�L�R�Q �O�D�\�H�U�V�� �,�W �D�F�F�H�S�W�V

�D�Q �5�*�% �L�P�D�J�H �R�I �V�L�]�H256� 256 �D�Q�G �R�X�W�S�X�W�V �W�K�H �V�X�Q �G�L�U�H�F�W�L�R�Q �H�V�W�L�P�D�W�H�� �:�H �E�R�U�U�R�Z �W�K�H

�F�R�U�H �V�W�U�X�F�W�X�U�H �I�U�R�P �5�H�V�1�H�;�W �>���@ �D�Q�G �F�D�U�H�I�X�O�O�\ �G�H�W�H�U�P�L�Q�H �W�K�H �Q�X�P�E�H�U �R�I �E�O�R�F�N�V�� �J�U�R�X�S�V�� �D�Q�G

�I�L�O�W�H�U�V �D�V �Z�H�O�O �D�V �W�K�H �V�L�]�H�V �R�I �I�L�O�W�H�U�V �X�Q�G�H�U �H�[�W�H�Q�V�L�Y�H �H�[�S�H�U�L�P�H�Q�W�V�� �$�V �L�O�O�X�V�W�U�D�W�H�G �L�Q �)�L�J����������



�(�[�S�H�U�L�P�H�Q�W�V ����

�'�D�W�D�V�H�W �6�8�1������ �.�,�7�7�,

�7�U�D�L�Q�L�Q�J
�'�D�W�D ���� ������ ��������

�6�X�E�L�P�J ������ ������ ������ ������

�7�H�V�W
�'�D�W�D �������� ������

�6�X�E�L�P�J ������ ������ ���� ������

�7�D�E�O�H ���������1�X�P�E�H�U �R�I �G�D�W�D �D�Q�G �V�X�E�L�P�D�J�H�V �I�R�U �W�U�D�L�Q�L�Q�J �D�Q�G �W�H�V�W

�W�K�H �P�R�G�H�O �L�V �U�R�X�J�K�O�\ �F�R�P�S�R�V�H�G �R�I8 �E�R�W�W�O�H�Q�H�F�N �E�O�R�F�N�V�� �H�D�F�K �R�I �Z�K�L�F�K �L�V �I�R�O�O�R�Z�H�G �E�\ �D �F�R�Q��

�Y�R�O�X�W�L�R�Q�D�O �E�O�R�F�N �D�W�W�H�Q�W�L�R�Q �P�R�G�X�O�H �>���@�� �,�Q �W�K�L�V �Z�D�\�� �R�X�U �Q�H�W�Z�R�U�N �L�V �F�D�S�D�E�O�H �R�I �I�R�F�X�V�L�Q�J �R�Q

�L�P�S�R�U�W�D�Q�W �V�S�D�W�L�D�O �D�Q�G �F�K�D�Q�Q�H�O �I�H�D�W�X�U�H�V �Z�K�L�O�H �D�F�T�X�L�U�L�Q�J �U�H�V�L�O�L�H�Q�F�H �I�U�R�P �Y�D�Q�L�V�K�L�Q�J �R�U �H�[�S�O�R�G��

�L�Q�J �J�U�D�G�L�H�Q�W�V �E�\ �X�V�L�Q�J �W�K�H �V�K�R�U�W�F�X�W �F�R�Q�Q�H�F�W�L�R�Q�V�� �$ �J�O�R�E�D�O �D�Y�H�U�D�J�H �S�R�R�O�L�Q�J �O�D�\�H�U �L�V �D�G�R�S�W�H�G

�W�R �F�R�Q�Q�H�F�W �W�K�H �F�R�Q�Y�R�O�X�W�L�R�Q �Q�H�W�Z�R�U�N �D�Q�G �W�K�H �R�X�W�S�X�W �O�D�\�H�U �D�Q�G �V�H�U�Y�H�V �D�V �D �W�R�R�O �W�R �P�L�W�L�J�D�W�H

�S�R�V�V�L�E�O�H �R�Y�H�U�I�L�W�W�L�Q�J �>�����@�� �7�K�H �G�H�Q�V�H �O�D�\�H�U �D�W �W�K�H �H�Q�G �W�K�H�Q �U�H�I�L�Q�H�V �W�K�H �H�Q�F�R�G�H�G �Y�D�O�X�H�V �L�Q�W�R �W�K�H

�V�X�Q �G�L�U�H�F�W�L�R�Q �H�V�W�L�P�D�W�H��

�:�H �W�U�D�L�Q �R�X�U �P�R�G�H�O �D�Q�G �W�H�V�W �L�W�V �S�H�U�I�R�U�P�D�Q�F�H �R�Q �W�K�H �6�8�1������ �D�Q�G �W�K�H �.�,�7�7�, �G�D�W�D�V�H�W�V

���V�H�H �7�D�E�O�H���������� �,�Q �G�H�W�D�L�O�� �Z�H �H�P�S�L�U�L�F�D�O�O�\ �W�U�D�L�Q�H�G �R�X�U �O�L�J�K�W�L�Q�J �H�V�W�L�P�D�W�L�R�Q �Q�H�W�Z�R�U�N �I�R�U ����

�H�S�R�F�K�V �X�V�L�Q�J �H�D�U�O�\ �V�W�R�S�S�L�Q�J�� �7�K�H �W�U�D�L�Q�L�Q�J �Z�D�V �L�Q�L�W�L�D�W�H�G �Z�L�W�K �W�K�H �$�G�D�P �R�S�W�L�P�L�]�H�U �>�����@ �X�V�L�Q�J

�D �O�H�D�U�Q�L�Q�J �U�D�W�H �R�I1� 10� 4 �D�Q�G �W�K�H �E�D�W�F�K �V�L�]�H �Z�D�V ������ �,�W �W�R�R�N ���� �K�R�X�U�V �R�Q �D �V�L�Q�J�O�H �1�Y�L�G�L�D �5�7�;

�������� �7�L �*�3�8�� �3�U�H�G�L�F�W�L�R�Q �R�Q �D �V�L�Q�J�O�H �L�P�D�J�H �W�D�N�H�V ���� �P�V�� �2�X�U �V�L�Q�J�O�H �L�P�D�J�H �O�L�J�K�W�L�Q�J �H�V�W�L�P�D�W�L�R�Q

�D�Q�G �V�S�D�W�L�D�O �D�J�J�U�H�J�D�W�L�R�Q �P�R�G�X�O�H�V �D�U�H �H�[�D�P�L�Q�H�G �X�S�R�Q ������ ������ �X�Q�R�E�V�H�U�Y�H�G �6�8�1������ �F�U�R�S�V

�J�H�Q�H�U�D�W�H�G �I�U�R�P �������� �S�D�Q�R�U�D�P�D�V�� �7�K�H �Z�K�R�O�H �S�L�S�H�O�L�Q�H �L�Q�F�O�X�G�L�Q�J �W�K�H �F�D�O�L�E�U�D�W�L�R�Q �D�Q�G �W�H�P�S�R�U�D�O

�D�J�J�U�H�J�D�W�L�R�Q �P�R�G�X�O�H�V �L�V �D�Q�D�O�\�]�H�G �R�Q �I�L�Y�H �X�Q�V�H�H�Q �.�,�7�7�, �V�H�T�X�H�Q�F�H�V �F�R�P�S�R�V�H�G �R�I ������ �L�P�D�J�H�V��

�)�L�J�X�U�H ���������(�[�D�P�S�O�H�V �R�I �W�K�H �W�Z�R �G�D�W�D�V�H�W�V �>�������@�� �)�U�R�P �W�K�H �R�U�L�J�L�Q�D�O �L�P�D�J�H ���W�R�S���� �Z�H �J�H�Q�H�U�D�W�H

�U�D�Q�G�R�P �V�X�E�L�P�D�J�H�V ���E�R�W�W�R�P����



���� �(�[�S�H�U�L�P�H�Q�W�V

�)�L�J�X�U�H ���������7�K�H �S�U�R�S�R�V�H�G �O�L�J�K�W�L�Q�J �H�V�W�L�P�D�W�L�R�Q �Q�H�W�Z�R�U�N�� �7�K�H �Q�X�P�E�H�U�V �R�Q �W�K�H�&�R�Q�Y���'�O�D�\�H�U

�L�Q�G�L�F�D�W�H �W�K�H �Q�X�P�E�H�U �R�I �I�L�O�W�H�U�V�� �W�K�H �I�L�O�W�H�U �V�L�]�H�� �D�Q�G �W�K�H �V�W�U�L�G�H�� �Z�K�H�U�H�D�V �W�K�H �Q�X�P�E�H�U�V �R�Q �H�D�F�K

�%�R�W�W�O�H�Q�H�F�N �E�O�R�F�N�G�H�S�L�F�W �W�K�H �Q�X�P�E�H�U �R�I3 � 3 �I�L�O�W�H�U�V�� �W�K�H �F�D�U�G�L�Q�D�O�L�W�\�� �D�Q�G �W�K�H �V�W�U�L�G�H�� �$�%�R�W�W�O�H��

�Q�H�F�N �E�O�R�F�N�L�V �L�P�S�O�H�P�H�Q�W�H�G �I�R�O�O�R�Z�L�Q�J �W�K�H �V�W�U�X�F�W�X�U�H �S�U�R�S�R�V�H�G �L�Q �>���@ �H�[�F�H�S�W �I�R�U �D �F�R�Q�Y�R�O�X�W�L�R�Q�D�O

�E�O�R�F�N �D�W�W�H�Q�W�L�R�Q �P�R�G�X�O�H �>���@ �D�W�W�D�F�K�H�G �D�W �W�K�H �H�Q�G �R�I �H�D�F�K �E�O�R�F�N��

���������� �(�Q�G���W�R���(�Q�G �$�S�S�U�R�D�F�K

�'�D�W�D�V�H�W�V

�:�H �F�K�R�R�V�H �W�Z�R �G�D�W�D�V�H�W�V �I�R�U �H�Y�D�O�X�D�W�L�R�Q�� �.�,�7�7�, �>���@ �D�Q�G �6�8�1������ �>���@�� �.�,�7�7�, �L�V �D �S�R�S�X�O�D�U

�G�D�W�D�V�H�W �I�R�U �D�X�W�R�Q�R�P�R�X�V �G�U�L�Y�L�Q�J�� �,�W �F�R�Q�V�L�V�W�V �R�I �P�X�O�W�L�S�O�H �G�U�L�Y�L�Q�J �V�H�T�X�H�Q�F�H�V �Z�L�W�K �U�H�F�W�L�I�L�H�G

�L�P�D�J�H�V �D�Q�G �K�D�V �D�G�G�L�W�L�R�Q�D�O �D�Q�Q�R�W�D�W�L�R�Q�V �I�R�U �G�H�W�H�U�P�L�Q�L�Q�J �W�K�H �J�U�R�X�Q�G���W�U�X�W�K �V�X�Q �G�L�U�H�F�W�L�R�Q�V �>�����@��

�7�K�L�V �P�D�N�H�V �L�W �D�Q �L�G�H�D�O �F�D�Q�G�L�G�D�W�H �W�R �W�H�V�W �R�X�U �P�H�W�K�R�G �R�Q �H�Y�H�U�\�G�D�\ �G�U�L�Y�L�Q�J �V�F�H�Q�H�V�� �)�R�U �R�X�U

�H�[�S�H�U�L�P�H�Q�W�V �Z�H �F�U�H�D�W�H �D �U�D�Q�G�R�P�W�U�D�L�Q���Y�D�O���W�H�V�W�V�S�O�L�W �F�R�P�S�R�V�H�G �R�I ������������ �G�U�L�Y�L�Q�J �V�F�H�Q�H�V��

�7�K�L�V �U�H�V�X�O�W�V �L�Q ���� �������� ���������� �D�Q�G �������� �L�P�D�J�H�V�� �U�H�V�S�H�F�W�L�Y�H�O�\�� �1�R�W�H �W�K�D�W �W�K�L�V�V�F�H�Q�H�L�V �G�L�I�I�H�U�H�Q�W

�I�U�R�P �W�K�H�V�H�T�X�H�Q�F�H�Z�H �J�L�Y�H �W�R �W�K�H �Q�H�W�Z�R�U�N�� �6�L�Q�F�H �Z�H �J�H�Q�H�U�D�W�H �D�V�H�T�X�H�Q�F�H�E�\ �U�D�Q�G�R�P�O�\

�V�H�O�H�F�W�L�Q�J �H�L�J�K�W �I�U�D�P�H�V �I�U�R�P �W�K�H �V�D�P�H�V�F�H�Q�H�G�X�U�L�Q�J �W�K�H �W�U�D�L�Q�L�Q�J �D�Q�G �L�Q�I�H�U�H�Q�F�H�� �W�K�H�U�H �D�U�H ����������

�������� �D�Q�G ������ �V�H�T�X�H�Q�F�H�V �I�R�U �W�K�H�W�U�D�L�Q���Y�D�O���W�H�V�W�V�S�O�L�W�� �U�H�V�S�H�F�W�L�Y�H�O�\�� ���V�H�H �7�D�E�O�H���������� �)�R�U �W�K�H

�V�D�P�S�O�L�Q�J �L�Q �W�K�H �V�S�D�W�L�D�O �G�R�P�D�L�Q�� �I�R�X�U �V�X�E�L�P�D�J�H�V �D�U�H �U�D�Q�G�R�P�O�\ �F�U�R�S�S�H�G �I�U�R�P �H�D�F�K �I�U�D�P�H

�L�P�D�J�H �Z�K�L�O�H �D�O�O�R�Z�L�Q�J �R�Y�H�U�O�D�S�S�L�Q�J�� �2�X�U �S�L�S�H�O�L�Q�H �H�V�W�L�P�D�W�H�V �W�K�H �J�O�R�E�D�O �V�X�Q �G�L�U�H�F�W�L�R�Q �I�U�R�P

�W�K�L�V �V�S�D�W�L�R���W�H�P�S�R�U�D�O �V�H�T�X�H�Q�F�H �R�I ���� �L�P�D�J�H�V�� �6�L�Q�F�H �.�,�7�7�, �G�R�H�V �Q�R�W �S�U�R�Y�L�G�H �J�U�R�X�Q�G �W�U�X�W�K

�/�D�O�R�Q�G�H���0�D�W�W�K�H�Z�V �O�L�J�K�W�L�Q�J �P�R�G�H�O �S�D�U�D�P�H�W�H�U�V�� �Z�H �R�P�L�W �W�K�H �O�R�V�V �I�R�U �R�W�K�H�U �O�L�J�K�W�L�Q�J �S�D�U�D�P�H�W�H�U�V

��Lparam ���� �7�K�H�U�H�I�R�U�H�� �W�K�H �O�R�V�V �I�X�Q�F�W�L�R�Q �E�H�F�R�P�H�VL light = L sun ��

�7�K�H �6�8�1������ �G�D�W�D�V�H�W �L�V �D�Q�R�W�K�H�U �F�R�P�P�R�Q �G�D�W�D�V�H�W �F�R�Q�V�L�G�H�U�H�G �I�R�U �R�X�W�G�R�R�U �O�L�J�K�W�L�Q�J �H�V�W�L��

�P�D�W�L�R�Q �P�H�W�K�R�G�V �E�H�F�D�X�V�H ���� �L�W �S�U�R�Y�L�G�H�V �G�L�Y�H�U�V�H �H�Q�Y�L�U�R�Q�P�H�Q�W�V �D�Q�G ���� �W�K�H�U�H �L�V �D �O�D�E�H�O�L�Q�J �R�I

�W�K�H �S�D�U�D�P�H�W�H�U�V �R�I �W�K�H �/�D�O�R�Q�G�H���0�D�W�W�K�H�Z�V �O�L�J�K�W�L�Q�J �P�R�G�H�O �>�����@�� �6�H�Y�H�U�D�O �S�U�H�Y�L�R�X�V �P�H�W�K�R�G�V
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�'�D�W�D�V�H�W
�7�U�D�L�Q�L�Q�J �9�D�O�L�G�D�W�L�R�Q �7�H�V�W

�6�H�T�X�H�Q�F�H�V �,�P�D�J�H�V �6�H�T�X�H�Q�F�H�V �,�P�D�J�H�V �6�H�T�X�H�Q�F�H�V �,�P�D�J�H�V

�6�8�1������ ���������� ������������ �������� ���������� �������� ����������

�.�,�7�7�, �������� ���������� ������ �������� ������ ��������

�7�D�E�O�H ���������1�X�P�E�H�U �R�I �G�D�W�D �L�Q �R�X�U �G�D�W�D�V�H�W�V

�X�V�H�G �L�W �L�Q �L�W�V �R�U�L�J�L�Q�D�O �S�D�Q�R�U�D�P�D �I�R�U�P �R�U �D�V �V�X�E�L�P�D�J�H�V �E�\ �J�H�Q�H�U�D�W�L�Q�J �V�\�Q�W�K�H�W�L�F �S�H�U�V�S�H�F�W�L�Y�H

�L�P�D�J�H�V �>�����@�� �:�H �I�R�O�O�R�Z�H�G �W�K�H �O�D�W�W�H�U �D�S�S�U�R�D�F�K�� �Z�K�L�F�K �K�D�V �D�O�V�R �E�H�H�Q �X�V�H�G �L�Q �R�X�U �S�U�H�O�L�P�L�Q�D�U�\

�Z�R�U�N �>���@ �Z�K�H�U�H �Z�H �H�[�D�P�L�Q�H�G �W�K�H �S�H�U�I�R�U�P�D�Q�F�H �L�P�S�U�R�Y�H�P�H�Q�W �D�U�L�V�L�Q�J �I�U�R�P �V�S�D�W�L�D�O �D�J�J�U�H�J�D��

�W�L�R�Q��

�,�Q �W�K�L�V �S�D�S�H�U�� �Z�H �S�U�R�S�R�V�H �W�R �E�X�L�O�G �D�Q �D�U�W�L�I�L�F�L�D�O �L�P�D�J�H �V�H�T�X�H�Q�F�H �I�U�R�P �D �S�D�Q�R�U�D�P�D �V�R �W�K�D�W

�Z�H �F�D�Q �H�[�D�P�L�Q�H �D�Q�G �F�R�P�S�D�U�H �R�X�U �P�H�W�K�R�G�¶�V �S�H�U�I�R�U�P�D�Q�F�H �Z�L�W�K �S�U�H�Y�L�R�X�V �Z�R�U�N�V�� �6�S�H�F�L�I�L�F�D�O�O�\��

�Z�H �V�L�P�X�O�D�W�H �D �F�D�P�H�U�D �P�R�W�L�R�Q �Z�L�W�K�R�X�W �W�U�D�Q�V�O�D�W�L�R�Q �E�\ �J�H�Q�H�U�D�W�L�Q�J �D �V�H�W �R�I �V�\�Q�W�K�H�W�L�F �S�H�U�V�S�H�F�W�L�Y�H

�L�P�D�J�H�V �Z�L�W�K �D �I�L�[�H�G �I�L�H�O�G �R�I �Y�L�H�Z �D�Q�G �U�D�Q�G�R�P�L�]�H�G �F�D�P�H�U�D �\�D�Z �D�Q�G �S�L�W�F�K �D�Q�J�O�H�V�� �%�\ �G�R�L�Q�J �V�R��

�Z�H �F�D�Q �S�H�U�I�R�U�P �W�K�H �V�S�D�W�L�R���W�H�P�S�R�U�D�O �D�J�J�U�H�J�D�W�L�R�Q �R�Q �W�K�H �6�8�1������ �G�D�W�D�V�H�W �L�Q �W�K�H �V�D�P�H �P�D�Q�Q�H�U

�D�V �R�Q �.�,�7�7�,�� �:�H �V�W�D�U�W �Z�L�W�K �G�L�Y�L�G�L�Q�J ���� ������ �S�D�Q�R�U�D�P�D �L�P�D�J�H�V �L�Q�W�R �W�K�H �W�U�D�L�Q�L�Q�J�� �Y�D�O�L�G�D�W�L�R�Q��

�D�Q�G �W�H�V�W �V�H�W�V �Z�L�W�K �D ������������ �U�D�W�L�R�� �)�U�R�P �H�D�F�K �S�D�Q�R�U�D�P�D�� �D �V�H�T�X�H�Q�F�H �R�I ���� �S�H�U�V�S�H�F�W�L�Y�H �L�P�D�J�H�V

�Z�L�W�K �U�D�Q�G�R�P �\�D�Z �D�Q�J�O�H�V �L�V �J�H�Q�H�U�D�W�H�G �Z�K�L�O�H �D�O�O�R�Z�L�Q�J �R�Y�H�U�O�D�S�S�L�Q�J�� �:�H �Z�D�Q�W �W�R �K�D�Y�H �W�K�H �G�D�W�D

�I�U�R�P �E�R�W�K �G�D�W�D�V�H�W�V �D�V �V�L�P�L�O�D�U �D�V �S�R�V�V�L�E�O�H�� �7�K�H�U�H�I�R�U�H�� �Z�H �P�D�W�F�K �W�K�H �K�R�U�L�]�R�Q�W�D�O �D�Q�G �Y�H�U�W�L�F�D�O

�I�L�H�O�G �R�I �Y�L�H�Z�V �D�Q�G �V�H�W �W�K�H �Q�X�P�E�H�U�V �R�I �U�D�Q�G�R�P �I�U�D�P�H�V �D�Q�G �V�X�E�I�U�D�P�H�V �W�R �� �D�Q�G �� �U�H�V�S�H�F�W�L�Y�H�O�\��

�6�L�Q�F�H �W�K�H�U�H �D�U�H ���� �I�U�D�P�H�V �I�R�U �H�D�F�K �S�D�Q�R�U�D�P�D�� �D �V�H�T�X�H�Q�F�H �R�I �� �I�U�D�P�H�V �K�D�VC16
8 �G�L�I�I�H�U�H�Q�W

�F�R�P�E�L�Q�D�W�L�R�Q�V�� �U�H�V�X�O�W�L�Q�J �L�Q �J�U�H�D�W �G�L�Y�H�U�V�L�W�\�� �1�R�W�H �W�K�D�W �Z�H �D�O�V�R �L�Q�W�U�R�G�X�F�H �V�P�D�O�O �U�D�Q�G�R�P �R�I�I�V�H�W�V

�R�Q �W�K�H �F�D�P�H�U�D �H�O�H�Y�D�W�L�R�Q �Z�L�W�K �U�H�V�S�H�F�W �W�R �W�K�H �K�R�U�L�]�R�Q �L�Q �>� 10� ��10� �@�� �7�K�H �J�H�Q�H�U�D�W�H�G �L�P�D�J�H�V

�D�U�H �U�H�V�L�]�H�G �W�R1220� 370�W�R �P�D�W�F�K �W�K�H �V�L�]�H �R�I �W�K�H �.�,�7�7�, �L�P�D�J�H�V�� �,�Q �W�K�L�V �Z�D�\�� �Z�H �S�U�R�G�X�F�H�G

������ �������� ���� �������� �D�Q�G ���� ������ �L�P�D�J�H�V �I�U�R�P ���� �������� ���������� �D�Q�G �������� �S�D�Q�R�U�D�P�D�V �I�R�U �W�U�D�L�Q�L�Q�J��

�Y�D�O�L�G�D�W�L�R�Q�� �D�Q�G �W�H�V�W �V�H�W�V�� �U�H�V�S�H�F�W�L�Y�H�O�\�� �7�K�H �H�[�D�F�W �Q�X�P�E�H�U�V �R�I �S�D�Q�R�U�D�P�D�V �D�Q�G �L�P�D�J�H�V �D�U�H
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