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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 natiirlichen Szenen im Frien. Die Arbeit ist motiviert durch
die Herausforderungen bei der genauen Erfassung und Interpretation von Lichtverhéltnis-
sen im Aullenbereich, die fiir Anwendungen in den Bereichen Augmented Reality (AR),
3D-Rekonstruktion und autonomes Fahren entscheidend sind. Herkdmmliche Ansitze zur
Schitzung der Beleuchtungsverhiltnisse in Einzelbildern sind aufgrund von Problemen wie
Rauschen, Inkonsistenz und dem komplexen Zusammenspiel natiirlicher Elemente oft un-
zureichend. In dieser Arbeit werden neue Methoden vorgeschlagen, die iiber diese Ein-
schrankungen hinausgehen, indem sie sowohl rdumliche als auch zeitliche Analysen der
Beleuchtung einbeziehen. Dieser ganzheitliche Ansatz ermdglicht eine genauere und real-
istischere Interpretation von Auflenszenen, um den Realismus virtueller Objekte in AR und
die Genauigkeit verschiedener Computer-Vision-Aufgaben zu verbessern.

Die Dissertation liefert zwei wichtige Beitrdge: Erstens erforscht sie die Kombination
von intrinsischer Bildzerlegung und Beleuchtungsschitzung durch eine U-Netz-Architektur,
die darauf abzielt, Bilder in Albedo- und Schattierungskomponenten zu zerlegen. Obwohl
diese Untersuchung keine veroffentlichungswiirdigen Ergebnisse lieferte, lieferte sie wertvolle
Erkenntnisse fiir die zukiinftige Forschung. Zweitens werden fortschrittliche Methoden zur
raumlich-zeitlichen Schitzung der Aullenbeleuchtung vorgestellt, darunter eine vierstufige
Methode und ein End-to-End-Modell, das eine Transformer-Architektur fiir eine robuste
globale Schitzung der Sonnenrichtung nutzt. Diese Beitridge stellen einen Fortschritt in der
Beleuchtungsabschétzung 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



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-Temporal Outdoor Lighting Estimation: 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-Temporal Outdoor Lighting Aggregation on Image Sequences Using Trans-
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-based method
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 from Motion (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 a mathematical 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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JRUDSSOLFDWLRQV WKDW UHTXLUH PRGHOLQJWKH FDPH
VLF SDUDPHWHUV RI WKH FDPHUD DUHDOVR FRQVLGHUHG 7
RULHQWDWLRQ RIWKHFDPHUD LQ WKH ZRUOG DQG DUH HVV
DQG PRWLRQ WUDFNLQJ 7KHUHODWLRQVKLS EHWZHHQ WK
GLQDWHVLVJIJLYHQ R DQR WY /W DRYt® B WER WHFIWRLD J WK H |
YLHZSRI@W >

ORUHDGYDQFHG FDPHUD PRGHOV DOVR FRQVLGHU WKH HI
VHQVRU QRLVH DQG G\QDPLF UDQJH ZKLFKLQIOXHQFHKRZ
7KHVH IDFWRUV DUH SDUWLFXODUO\UHOHYDQW LQ WKH FRC
DQG ORZ OLJKW SKRWRJUDSK\ ZKHUH WKH OLPLWDWLRQV F
SURFHVVLQJWHFKQLTXH® EHFRPHDSSDUHQW >

&DPHUD PRGHOV SOD\D SLYRWDO UROHLQ ERWK WKH JHQ
DQDO\VLV RI LPDJHV LQ FRPSXWHU YLVLRQ %\ XQGHUVWDC



&RPSXWHU *UDSKLFV DQG 91

JLIXUH,OOXVWUDWLRQ RI'YDULRXV OLJKW PRGHOV

UHVHDUFKHUVDQG SUDFWLWLRQHUV FDQVLPXODWHUHDOLV!
WLRQV DQG UHFRQVWUXFW WKUHH GLPHQVLRQDO VFHQHV IU

ILIKWORGHOV

ORGHOV IRUOLJKWV DUHRQHFRPSRQHQW IRUUHQGHULQJLPI
HTXDWLRQ 7KHVHPRGHOV HQFDSVXODWH WKH EHKDYLRU RI
DQG LQWHQVLW\

3RSXODUPRGHOVIRUOLJKWVRXUFHVLQFRPSXWHUJUDSKL
DPELHQW OLJKW DUHD OLJKW DQG VSRWOLJKWYV 3RLQW OLJ
IURPDVLQJOH ORFDWLRQ UHVHPEOLQJEXOEV RUVPDOOOLJ
VXQOLIKWRURWKHUGLVWDQWOLJKWVRXUFHVY FDVWLQJSDL
SURGXFHDFRQLFDOEHDPRIOLJKW VLPLODUWRDIODVKOLJK
LOOXPLQDWLRQ ZLWK@RRPWKBRRHGH PDOPSROIHY R WKHVH OLJK

7KLVWKHVLYVDGGUHVVHVWKHWDVNRIOLIKWHVWLPDWLRQ
WHU DQG ZHXVHD YHU\VLPSOHRXWGRRUPRGHO ZKHUH
DQG HVWLPDWHG 7KLV DVVXPHV WKDW ZH RQO\GHDO ZLWK LF
LRIJDQG QRW FRYHUHG E\ FORXGV ,Q RUGHU WR GHDO ZLWK LC
GHYHORSHGDQDSSURDFKZKLFKZRUNVIRUDOORXWGRRUOL
VR FDOOHG /IDORQGH ODWWKHZV REWZARRK LOGXPLQBD®LQ GH
VHFWLRQ %ULHIO\ WKH PRGHO KDV WZR FRPSRQHQWYV ¢
SRVLWLRQ RI WKHVXQ 7KHRWKHU GHDOV ZLWK WKH UHPLQL
FRORUDQG WXUELGLW\RIWKH VN\



&RPSXWHU *UDSKLFVDQG9LVLRQ

JLIXUH,OOXVWUDWLRQRIYDULRXVY PDWHULDOV

ODWHULDO

ODWHULDOV SOD\ D FUXFLDO UROH LQ FRPSXWHU JUDSKLFV
XQGHU GLITHUHQW OLJKWLQJFRQGLWLRQV 7KHLQWHUDFW
SURSHUWLHYV VXFK DV FRORU WH[WXUH UHIOHFWLYLW\ W
SURSHUWLHVY LQIOXHQFH KRZ PDWHULDOV DEVRUE UHIOHF
RYHUDOO UHDOLVP RMKRENYH YHUBROH/ SKHUHVY PDGH RI GLI

7KH LGLUHFWLRQDO 5HIOHFWDQFH 'LVWULEXWLRQ )XQF
PRGHOLQJ WKH UHIOHFWLYH SURSHUWLHYV RI PDWHULDOV
FRPLQJOLJKWDQG WKHOLJKWUHIOHFWHG E\DVXUIDFH GH
GLUHFWLRQV 7KH %5') LV FUXFLDO IRU VLPXODWLQJ KRZ G
DOORZLQJIRUWKHFUHDWLRQRIDZLGHUDQJH RIDSSHDUD
UHIOHFWLRQ WR VKLQ\VXUIDFH® ZLWK VSHFXODU KLJKOLJK

,QDGGLWLRQWRUHIOHFWDQFH PDWHULDOVPD\DOVR HII
DFWHUL]HG E\ WKHLU DELOLW\ WR WUDQVPLW OLJKW 7KH
JXQFWLRQ %7') PRGHOV WKLV EHKDYLRU DFFRXQWLQJIRU
DQG HPHUJHVLQ GLIITHUHQW GLUHFWLRQV 7RJHWKHU WKH
RIFRPSOH[PDWHULDOV OLNHJOD®&V ZDWHU DQG WKLQ IDE

THIWXUHV DGG DQRWKHU OD\HU RITUHDOLVP WR PDWHULD
WDLOV VXFK DV SDWWHUQV EXPSV DQG VFUDWFKHV 7H[W
"PRGHOV ZKLOH EXPS PDSSLQJDQG QRUPDO PDSSLQJ VLF



&RPSXWHU *UDSKLFV DQG 91

DOWHULQJ WKH VXUIDFH QRUPDOV XVHG LQ OLJKWLQJ FDOFX
SHUFHLYHG GHSWK DQG GHWDLO RI PDWHULDOV ZLWKRXW VL.
WKH 'PRG@OV >

ODWHULDOVDOVRKDYHLQWULQVLFSURSHUWLHVVXFKDV V
OLJKW SHQHWUDWHY WKHVXUIDFHRIDWUDQVOXFHQW PDWH L
SRLQWV 7KLVHIIHFWLVHVVHQWLDOIRUUHQGHULQJPDWHUL
GLIIXVLRQ FRQWULEXWHY WR WKH PD&HULDOYV VRIW JORZ\TL

7KH DFFXUDWH VLPXODWLRQ RI PDWHULDO SURSHUWLHV L'
SHOOLQJLPDJHV LQ FRPSXWHU JUDSKLFV %\ OHYHUDJLQJ P
SK\WVLFDOO\EDVHG UHQGHSWURQFGSWHV. (CHIRIQY ZLWK WHFKQL
DQG GHWDLO VLPXODWLRQ JUDSKLFVDUWLVWVY DQG UHVHDU|
ZD\V PDWHULDOV LQWHUDFW ZLWK OLJKW LQ WKH UHDO ZRUO((

,Q PRVW SDUWV RI WKH WKHVIZWH G 8B WWLRFQ\OLIEH KD IS M W D
PDWLQJPDWHULDO SURSHUWLHV VXFK DV SDUWV RI D %5') ,C
PRGHO IRUPDWHULDO 7KLV PHDQV WKDW ZH DLP DW HVWLPD
IRUPDW 7KHVH FRORUV DUHLQGHSHQGHQWRIDQ\OLJKWLQJ
7R GHFRPSRVHDQ LPDJHLQWR WZR LPDJHV RQHPRGHOLQJ W
OLJKWLQJHIIHFWV LV FDOOHG LQWULQVLFLPDJH GHFRPSRV
LQ GHWDLO LQ FKDSWHU

*HRPHWU\

*HRPHWU\LV WKHWKLUG LPSRUWDQW FRQFHSW LQ FRPSXWHU
LQJ WKHIUDPHZRUN ZLWKLQ ZKLFK OLJKW LQWHUDFWLRQV DL
7TKHIJHRPHWULF VKDSHDQG VWUXFWXUHRIREMHFWY GHWHUF
HQFLQJWKHDSSHDUDQFH RIVKDGRZVY UHIOHFWLRQV DQG Ut

, QFRPSXWHU JUDSKLFV JHRPHWULFPRGHOV DUH XVHG WR
VFHQH 7KHPRVWEDVLFPRGHOV DUH SULPLWLYHV VXFKDV YV
FDQ EHFRPELQHG RUPRGLILHG WR FUHDWH PRUH FRPSOHJ[ IR
GHWDLO SRO\JURQDO PHVKHV FRPSRVHG RI YHUWLFHV HGJH
PHVKHY FDQDFFXUDWHO\UHSUHVHQW LQWULFDWH VKDSHV E
RISRO\JRQV WKRXJK WKLV LQFUHDVABY FRPSXWDWLRQDO FRF

6 XUIDFHUHSUHVHQWDWLRQLVDQRWKHUFULWLFDODVSHF\
HOLQJ RIREMHFW VXUIDFHV WR FDSWXUH WH[WXUHV EXPSV
WHUDFWLRQ 7HFKQLTXHV VXFKDV EXPSPDSSLQIJDQG GLVSC
VLPXODWHVXUIDFHLUUHJXODULWLHV ZLWKRXW WKHQHHG IR
DOLVPRIUHQGHUHGLPDJHV ZLWK PLQLPDO LW SDFW RQ FRPSX



&RPSXWHU *UDSKLFVDQG9LVLRQ

3DUDPHWULFDQGLPSOLFLW VXUIDFHV RIIHUDOWHUQDWL
WULHV 3DUDPHWULF VXUIDFHV VXFK DV %p]LHU VXUIDFH\
% 6SOLQHY DUH GHILQHG E\ PDWKHPDWLFDO IXQFWLRQV V
DQG VPRRWKQHVV ,PSOLFLW VXUIDFHV DUH GHILQHG E\ D"
YHUWLFHY HQDEOLQJWKHPRGHOLQJRI®RIWWUDQVLWLRC

,Q WKHUHDOP RIFRPSXWHU YLVLRQ JHRPHWU\SOD\V D F|
GLPHQVLRQDOVWUXFWXUHRIVFHQHVIURPWZR GLPHQVLR(
IURP PRWLRQ GHWDQ®M®HQHR YLVLRQ UHO\RQ JHRPHWUL
WKH VSDWLDO DUUDQJHPHQW RI REMHFWV WKHLU VKDSHV
7KHVHPHWKRGV DUHIXQGDPHQWDO IRUWDVNV VXFKDV 'U}
QDYLJDWLRQ L® URERWLFV >

7KH LQWHUDFWLRQ EHWZHHQ JHRPHWU\ DQG OLJKW LV D
LQ FRPSXWHU JHQHUDWHG LPDJHU\ 6KDGRZ FDVWLQJ DQ
LV GLUHFWO\ LQIOXHQFHG E\ WKH JHRPHWULF IRUP RI REM}
LQFOXGLQJUD\WUDFLQJDQG JOREDOLOOXPLQDWLRQPRGH
ZLWK JHRPHWULF IRUPV FDOFXODWLQJVKDGRZV UHIOHFW
DQG RULHQWDW®@RQ RIREMHFWYV >

*HRPHWU\ QRW RQO\GHILQHV WKH YLVLEOH VWUXFWXUH F
EXWLRQ DQG DSSHDUDQFH RI OLJKW DQG VKDGRZ FRQWULE
DQG PDWHULDO SURSHUWLHV %\ OHYHUDJLQJ VRSKLVWLFE
WHFKQLTXHV FRPSXWHU JUDSKLFVDQG FRPSXWHU YLVLRQ
RISK\WLFDOHQYLURQPHQWY EULGJLQJWKHJIDSEHWZHHQ
WKH UHDO ZRUOG

,OOXPLQDWLRQORGHOV

7ZR SULPDU\ OLJKWLQJ PRGHOV DUH GHILQHG LQ WKH VWXC
DOVRWHUPHG REMHFW RULHQWHG OLJKWLQJ DQG JOREDO
WKDW ZLWK ORFDO LOOXPLQDWLRQ HDFKREMHFW LV WUHDW
HQFRPSDVVHV WKH FRPSUHKHQVLYH G\QDPLFV RIOLJKW DV
REMHEWYV ZLWKLQ D VFHQH WKXV SURYLGLQJDPRUHDFFXU
LWV HQYLURQPHQW

2QH RI WKH SULPDU\ PRGHOV XVHG WR UHSUHVHQW OLJK)\
OLJKWLQJPRGHO ZKLFKLQFOXGHV WKUHH FRPSRQHQWYV |
VHH )LIXUHKH DPELHQW OLJKW UHSUHVHQWYVY D FRQVWDQW
XODWH WKH HITHFW RI LQGLUHFW OLJKW ERXQFLQJ RII VXU
OLJKW VFDWWHUV LQ PDQ\ GLUHFWLRQV ZKHQ LW KLWV D U]



&RPSXWHU *UDSKLFV DQG 91

JLIXUH,OOXVWUDWLRQRIWKH3KRQJOLJKWLQJPRGHO VKRZF
XODU FRPSRQHQWYV

JLIXUH, OOXVWUDWLRQ RI GLITHUHQW OLJKWLQJPRGHOV DQG
PHGLDWH OLJKW VRXUFHLQWHUDFWLRQ SDWKWUDFLQJIRU"
QDWLRQ DQG SK\VLFDOO\EDVHG UHQGHULQJIRUUHDOLVWLF

LOOXPLOQDWHGIURPDOODQJOHY 6SHFXODUOLJKWLQJFDSW
VXUIDFHV ZKHQ YLHZHGIURPVSHFLILFDQJOHV FR@WULEXWL

*OREDO ,00XPLQDWLRQ *, HQFRPSDVVHV D VHW RI WHFKQ|
DW VLPXODWLQJ WKH FRPSOH[LQW@BUBRPWLRE\ORIFO DJKWOLXP L
PRGHOV ZKLFKRQO\FRQVLGHU GLUHFW OLJKW IURP VRXUFH\
GLUHFW DQG LQGLUHFW OLJKW FRQWULEXWLRQV 7KLV LQFO
FRORU EOHHGLQJ FDXVWLFV DQG WKH VXEWOHGLIIXVLRQ RI
JLIXUH

2QH RI WKH IRXQGDWLRQDO WHFKQLTXHV IRU VLPXODWLQJ
(QKDQFHGUD\WUDFLQJDOJRULWKPVH[WHQG WKHEDVLFFRQI
DWSRLQWVRIUHIOHFWLRQ UHIUDFWLRQ RUWUDQVPLVVLRQ
HITHFWV VXFKDV VRIWVKDGRZV GHSWKRIILHOG DQG LQGLUI



&RPSXWHU *UDSKLFVDQG9LVLRQ

LOQWHQVLW\ UD\WUDFLQJUHPDLQVDJROG VWDQGDUG IRU I
SURGXFH KLJKO\UH@®OLVWLFLPDJHYV >

5DGLRVLW\ LY DQRWKHU FUXFLDO PHWKRG IRU FDOFXOD)
PDULO\RQ WKH GLIIXVHLQWHU UHIOHFWLRQ RIOLJKW EHW Z
VROYHVWKHHQHUJ\WUDQVIHUHTXDWLRQ IRUWKHHQWLUH
WLRQ WKDW DFFXUDWHO\UHIOHFWVY WKH FRORU EOHHGLQJ |
DIIHFWV WKH OLJKW FRORU RQ DGMDFHQW VXUIDFHV 5DGL
GRPLQDWHGE\GLIIXVHLQWHUDFWLRQVDQG SURYLGHV D VF
VFHQHW >

3KRWRQ PDSSLQJ LQWURGXFHG E\ +HQULN :DQQ -HQVHQ
WUDFLQJDQG UDGLRVLW\WR HIILFLHQWO\ VLPXODWH JORE
,Q WKLY WHFKQLTXH SKRWRQV DUH HPLWWHG IURP OLJKW
VWRUHGLQDSKRWRQPDS 7KLVPDSLVWKHQXVHG WRHVWL
SRLQWV LQ WKH VFHQH DOORZLQJIRU WKH HIILFLHQW DQG
HITHFV@V >

ORUHUHFHQWDGYDQFHPHQWVYLQJOREDOLOOXPLQDWLRC
DQG OLJKW WUDQVSRUW DOJRULWKPV ZKLFK DWWHPSW WR
ERXQFHWKURXJKDVFHQH 3DWKWUDFLQJ DORQWH &DUOR
FRQQHFWLQJWKH FDPHUD DQG WKH OLJKW VRXUFHV YLD VF
QLTXH ZKLOHFRPSXWDWLRQDOO\GHPDQGLQJ FDQ SURGXI
JOREDO LOOXPLQDWLRIQ HIIHFWV RYHU WLPH >

BUHFRPSXWHG 5DGLDQFH 7UDQVIHU 357 RIIHUV D ZD\ WR
LQ G\QDPLF VFHQHV XQGHU IL[HG OLJKWLQJ FRQGLWLRQV
ZLWK VXUIDFHV DQG VWRUHV WKLV LQIRUPDWLRQ LQ WH[W X
WLPH UHQGHULQJRIFRPSOH[OLJKWLQJHIIHFWV LQFOXGL
LQWHUDFWLYH @SSOLFDWLRQV >

5HFHQW DGYDQFHV LQ OLJKW PRGHOLQJKDYH IRFXVHG R
ZKLFK DLPVWR VLPXODWH OLJKW EHKDYLRUDQG PDWHULDC
ODZV 3%5IUDPHZRUNV XWLOL]HPRUHVRSKLVWLFDWHG OL.
LQJDQG PDWHULDO DSSHDUDQFH FRQVLGHULQJIDEWRUYV ¢
HITHFW WR HQKD@FH UHDOLVP >

*OREDO LOOXPLQDWLRQ VLIJQLILFDQWO\HQKDQFHV WKH
E\DFFXUDWHO\VLPXODWLQJWKH QXDQFHG DQG FRPSOH[ Z|
FRPSXWDWLRQDO SRZHU LQFUHDVHY DQG DOJRULWKPV EH
RI JOREDO LOOXPLQDWLRQ WHFKQLTXHV LQ UHDO WLPH UH ¢
DQG YLUWXDO UHDOLW\ FRQWLQXHV WR JURZ EULGJLQJ Wk
SKRWRUHDOLVWLF TXDOLW\
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JLIXUH 6WUXFWXUH IURP ORWLRQ 610 SKRWRJUDPPHWULF S
FRSLHG IURP W&H DUWLFOH >

,OOXPLOQDWLRQ PRGHOV ZKHWKHU ORFDO RUJOREDO GR C
OLIKWLQJPRGHOV 7KLV LVEHFDXVHRXUPHWKRG GRHV QRW
PRGHO RUUHQGHULQJ SURFHVV I|IRUH[DPSOH ZLWKLQ WKH"
WLRQ GLUHFWO\ FRPSDUHV WKH SDUDPHWHUV RI WKH HVWLP
JURXQG WUXWKOLIJKWLQJPRGHO

6WUXFWXUH IURP ORWLRQ 610

6WUXFWXUH IURP ORWLRQ 610 LV D SURFHVV LQ FRPSXWHU Y
GLPHQVLRQDO JHRPHWU\RID VFHQH IURP D VHULHV RI WZR G
WKHDSSDUHQW PRWLRQRIREMHFWV DFURVV PXOWLSOHLPDJ
DOJRULWKPVFDQLQIHUWKHVSDWLDO OD\RXWRIWKHVFHQH
WXUH 7KLV WHFKQLTXHLVIRXQGDWLRQDO IRUDSSOLFDWLR
KHULWDJH SUHVHUYDWLRQ DQG DXJPHQWHG UHDOLW\
7TKHFRUH SULQFLSOHEHKLQG6I0LVWKHH[WUDFWLRQRIIHI
DQGWKHLGHQWLILFDWLRQRIFRUUHVSRQGHQFHVEHWZHHQ
JHDWXUHYVY DUH W\SLFDOO\ SRLQWV RILQWHUHVW ZLWKLQ WK
PDWFKHG VXFK DV FRUQHUV HGJHV RUGLVWLQFW WH[WXU|
HVWDEOLVKHG LWLV SRVVLEOHWRHVWLPDWH WKH UHODWL"



'HHS /HDUQLQJ

DQG WKH WKUHH GLPHQVLRQDO FRRUGLQD@&HV RI WKH IHDW

610 DOJRULWKPYV FDQ EH FDWHJRUL]JHG LQWR WZR PDLQ W
JOREDO ,QFUHPHQWDOG6I0DGGVLPDJHVRQHDWDWLPHWR
WKH 'PRGHO DQG FDPHUD SRVHV ZLWK HDFK QHZ LPDJH 7
KDQGOH ODUJH VEFDOH SUREOHPV EXW PD\ VXIIHU IURP HUL
*OREDO 610 RQWKHRWKHUKDQG DWWHPSWVWRVROYH IRU
VLPXOWDQHRXVO\ RIWHQ OHDGLQJWRPRUHDFFXUDWHDQC
ORRSHG VHTXHQFHV ZKHUH WKH FDPH@D UHWXUQV WR LWV

&DPHUD FDOLEUDWLRQ LV D FULWLFDO VWHSLQ 610 DV LV
UDPHWHUV RI WKH FDPHUD VXFK DV IRFDO OHQJWK DQG OH
WLRQ $FFXUDWH FDOLEUDWLRQ LV HVVHQWLDO IRU SUHFL
DSSURDFKHV UHTXLUH SUH FDOLEUDWHG FDPHUDV RWKHU\
LWVHOI HVWLPDWLQJERWK WKHVFHQH VWUXFWX&@HDQG W

%XQGOHDGMXVWPHQW LV WKH ILQDO RSWLPL]DWLRQ VW]
FDPHUD SRVHV DQG 'SRLQWV DUH UHILQHG WR PLQLPL]H V
GLIIHUHQFHEHWZHHQ WKH REVHUYHG IHDWXUH SRVLWLRQ\
IURP WKH 'PRGHO 7KLV QRQ OLQHDU OHDVW VTXDUHV RSW
EXW FUXFLDO IRUDFKLHYLQJKLJX TXDOLW\UHFRQVWUXFW

610 KDVHQDEOHG D ZLGH UDQJH RIDSSOLFDWLRQV IURPF
VLWHVWRJHQHUDWLQJWRSRJUDSKLFPDSVIURPGURQHLPLE
'VWUXFWXUHV IURP VWDQGDUG SKRWRJUDSKV RIITHUV D YH
XPHQWLQJWKH SK\WLFDO ZRUOG LQ GLJLWDO IRUP $ QRWDI
LV &2/0$3 ZKLFK DXWRPDWHVY PDQ\DVSHFWV RI WKH 610 DQG
HQG WR HQG SLSHOLQHIRU 'UHFRQVWUXFWLRQ IURP LPDJ
PDWLF LPDJH PDWFKLQJ UREXVW UHFRQVWUXFWLRQ DOJRL
JHQHUDWLRQ PDNLQJLW D SRZHUIXO VROXWLRQ IRUERWK |
WLRQV LQ 'PRGKIOLQJISDUWLEXODU 610 SOD\H @ IDHNUHA LR O H
ZDV XVHG WR SUHGLFW WKH FDPHUD \DZDQJOHDFURVV LPD.

'HHS /HDUQLQJ

 QWURGXFWLRQ

'"HHS OHDUQLQJ DVXEVHWRIPDFKLQH OHDUQLQJ KDV HPHI
DQRQGLQWHUSUHWDWLRQ RI FRPSOH[ GDWDVHWY SDUWLFXC
FRUH GHHS OHDUQLQJ XWLOL]JHV QHXUDO QHWZRUNYV ZLWK
WR PRGHO LQWULFDWH SDWWHUQV DQG UHODWLRQVKLSV Z]



'HHS /HDUQLQJ

WKH ZD\FRPSXWHUV LQWHUSUHW YLVXDO LQIRUPDWLRQ HQD
UDQJLQJIURP LPDJHUHFRJQLWLRQ WR VHPDQWLF VHJPHQWD

7KH UHOHYDQFHRIGHHS OHDUQLQJLQ FRPSXWHU YLVLRQ |
\WLV FDQQRW EH RYHUVWDWHG ,Q HQYLURQPHQWY ZKHUH
WUDGLWLRQDO DOJRULWKPV VWUXJJOH WR PDLQWDLQ FRQVL
HOV KRZHYHU H[FHO LQ WKHVH VFHQDULRY E\OHDUQLQJIHD
FKDQJHVLQOLJKWLQJ SHUVSHFWLYH DQGEDFNJURXQG QRL
DEOHLQDSSOLFDWLRQVVXFKDVDXWRQRPRXV YHKLFOHV ZK
GHUGLIIHUHQW OLJKWLQJFRQGLWLRQVLVFUXFLDO DQGLQTE
HVWLPDWLRQ HQKDQFHV WKH UHDOLVP RI YLUWXDO REMHFW V

2QH RIWKHIRXQGDWLRQDO FRQFHSWV LQ GHHS OHDUQLQJ |
DUFKLFDO UHSUHVHQWDWLRQV ,Q WKHFRQWH[W RIFRPSXWH
QHXUDO QHWZRUNPLJKW OHDUQWRUHFRJQL]JHHGJHVDQG WH
PRUHFRPSOH[IHDWXUHV VXFKDVVKDSHVDQGREMHFWYV 7KL\
WR WKH ZD\ KXPDQ YLVLRQ VIVWHP RSHUDWHV IURP EDVLF SH
PDNLQJ GHHS OHDUQLQJPRGHOV SDUWLFXODUO\DGHSW DW X

ORUHRYHU WKHDGYHQWRIGHHS OHDUQLQJKDV IDFLOLWDYV
OHDUQ GLUHFWO\IURP UDZ GDWD HOLPLQDWLQJWKHOQHHG IF
DVLIJQLILFDQW ERWWOHQHFNLQ WUDGLWLRQDO PDFKLQH OH
VWUHDPOLQHG WKH ZRUNIORZIRUGHYHORSLQJFRPSXWHU YL
XS QHZ SRVVLELOLWLHV IRUDQDO\]LQJDQG XQGHUVWDQGLQ.

$V ZH GHOYH GHHSHU LQWR WKH VSHFLILFV RI GHHS OHDUC
1HXUDO 1HWZRUNV &RQYROXWLRQDO 1HXUDO 1HWZRUNV 7U|
ZH ZLOO H[SORUH WKHLU XQLTXH FRQWULEXWLRQV WR WKH |
RIIHUV GLVWLQFW DGYDQWDJHV IRULQWHUSUHWLQJYLVXDO
E\ YDU\LQJ OLJKWLQJ FRQGLWLRQV VKRZFDVLQJWKH YHUVD
SXVKLQJWKHERXQGDULHV RIZKDW LV SRVVLEOH LQ LPDJH DC

JHHGIRUZDUG 1IHXUDO 1HWZRUNYV

JHHGIRUZDUG 1HXUDO 1HWZRUNV )11V DUH WKH PRVW EDVLF
DUFKLWHFWXUH FKDUDFWHUL]J]HG E\D XQLGLUHFWLRQDO IOR
DQLQSXWOD\HU VHYHUDO KLGGHQ OD\HUV DQG DQ RXWSXW
WKDWGR QRWIRUP F\FOHV 7KHVWUDLJKWIRUZDUG SURJUHV
)11V WR PRGHOD ZLGHDUUD\RIIXQFWLRQV PDNLQJWKHPDY
DQG FRPSXWHU YLVLRQ DSSOLFDWLRQV >

7KH VWUHQJWK RI1)11VOLHV LQ WKHLU FDSDFLW\ WR DSSUR



'HHS /HDUQLQJ

SURSHUW\IRUPDOO\UHFRJQL]JHG DV WKH XQLYHUVDO DSSU|
WKDW )11VFDQFDSWXUHDYDVWUDQJHRIUHODWLRQVKLSYV
QHXURQV LQ WKHLUBKLGGHQ OD\HUV >

y=f(: [+ B

7KLV HTXDWLRQ UHSUHVHQWY WKH EDVLF RSHUDWLRQ Z1
QHWZRUNLYMKHRXWBEWFWLYDWLRQ IXQFWLRQ VXFKDV V
LV D ZHLJKWLRDWKHLL Q S X \ELYWHIF BIRDW PBBWRU 7KLV RSHUDWL
WR KRZ )11V PRGHO FRPSOH[UHODWLRQVKLSV DQG SDWWH L

)11V ILQG H[WHQVLYH XVHLQ WDVNV VXFK DV FODVVLILFD!
WLYH LV WRLQIHUDQ RXWSXW IURP D JLYHQ VHW RI LQSXW\
7KHPRGHOYVLQSXWOD\HUUHFHLYHVY GDWD IRULQVWDQFH
SURFHVVHG WKURXJKRQHRUPRUHKLGGHQ OD\HUV WKDW H|
JHQHUDWHY WKH ILQDO SUHGLFWLRQ RUFODVVLILFDWLRQ |
QHWZRUN

$ VLIQLILFDQW FKDOOHQJH DVVRFLDWHG ZLWK )11V LV W
ODUJH LPDJHV SULPDULO\ GXH WR WKH VXEVWDQWLDO QX
RI PHFKDQLVPV WR H[SORLW VSDWLDO RUWHPSRUDO VWUX
WHQ PLWLJDWHG E\ SUHSURFHVVLQJ WKH GDWD LQWR D PRL
ZLWK DUFKLWHFWXUHY OLNH FRQYROXWLRQDO QHXUDO QH
VXLWHG IRUSURFHVVLQJLPDJH GDWD GXH WR WKHLU FRQY |
DUFKL@V >

'"HVSLWH VXFK FKDOOHQJHV )11V KDYH UHPDLQHG IRXQG
QHWZRUNDUFKLWHFWXUHV SURYLGLQJDFULWLFDOEDVLV
HOV WDLORUHG WR VSHFLILF FKDOOHQJHV LQ FRPSXWHU YL
ZLWK WKHUREXVWQHVV RIWKHLU OHDUQLQJFDSDELOLWLH
SRQHQW RIWKHPDFKLQH @HDUQLQJHFRV\VWHP >

&ERQYROXWLRQDO 1IHXUDO 1HWZRUNYV

&RQYROXWLRQDO 1HXUDO 1IHWZRUNV &11V KDYHUHYROXYV
E\HQDEOLQJ WKH HITHFWLYH SURFHVVLQIJDQG LQWHUSUHMW
IRUZDUG 1HXUDO 1HWZRUNV &11VDUHDGHSW DW DXWRPDYV
IHDWXUHVIURPLPDIJHGDWD ZKLFKSRVLWLRQVWKHPDVDF
YLVLRQ WGOD VNV >

7KHDUFKLWHFWXUHRID &11LVGLVWLQJXLVKHG E\LWV F
SRROLQJOD\HUV DQGIXOO\FRQQHFWHG OD\HUV &RQYRO:



'HHS /HDUQLQJ

ILOWHUV WKDW DUHDSSOLHG WRWKHLQSXW LPDJHV HIIHFWI
WH[WXUHV DQG VKDSHV 7KLV PHFKDQLVP PDLQWDLQV WKH \
IDFLOLWDWLQJWKH QHWZRUNYVYDELOLW\WR OHDUQ LPDJH IH

A= -0 g U4 g

7KLV HTXDWLRQ GHVFULEHVY WKH FRPSXWDWLREIUWKLQ D ¥
VHQWY WKH RXWSXW GID\WKGHPR\S RV WHH ZHLJK YD\ HUOWHUV
VLIJQLILHVWKHFRQYROXWLRQ RSHUDWLRQDSSOYHG EHWZH
IURP WKH SUHIY IR XOV@ED VWMWK H ELDV 7KH FRQYROXWLRQ RSHUTL
WKHVSDWLDO GHSHQGHQFLHVLQ WKHLQSXW WKURXJKWKH D
WR HIITLFLHQWO\OHDUQ VSDWLDO KLHUDUFKLHV RI IHDWXUHYV
LQSXW LPDJHV

3RROLQJ OD\HUV VHUYH WR UHGXFH WKH GLPHQVLRQDOLW)
RIQHXURQ FOXVWHUV DW RQH OD\HULQWR D VLQJOH QHXURQ
LQ SDUDPHWHUV DQG FRPSXWDWLRQ KHOSV LQ DEKLHYLQUJ IHE
DQG RULHQWDWLRQ WKXV EROVWHULQJWHKH QHWZRUNTV JHC

)XOO\ FRQQHFWHG OD\HUV VLWXDWHG WRZDUGV WKH HQG
WKHIHDWXUHY OHDUQHG E\ SUHYLRXV OD\HUV WR SURGXFH W
LQWHJUDWLRQ Rl WKHVH OD\HUV DOORZV &11V WR FRPSUHKH
ZLWKLQ YLVXDO GDWD HQDEOLQJDSSOLFDWLRQV UDQJLQUJ I
WHFWLRQ WR FRPSUHKHQVLYH VFHQH XQGHUVWDQGLQJ

&11V KDYHEHHQ SLYRWDO LQDGYDQFLQJWKHILHOG RI ERP
\WLVDQG LQWHUSUHWDWLRQRIYLVXDO FRQWHQW 7KHLU GH"
WLHUV FRQWULEXWLQJWRLQQRYDWLYHUHVHDUFKDQGDSS
DGDSWDELOLW\DQG HIILFLHQF\RI&11VLQ SURFHVVLQJFRPS
OLVKHG WKHP DV D FRUQHUVWRQH RIPRGHUQ FRPSXWHU YLVL

TUDQVIRUPHUYV

7UDQVIRUPHUYV KDYH VLJQLILFDQWO\LQIOXHQFHG WKH ILHOC
LQQRYDWLYH DSSURDFK RULJLQDOO\GHYHORSHG IRU QDWX L
WR WKH 7UDQVIRUPHU DUFKLWHFWXUH LV WKH VHOI DWWHQW
WR DVVHVV DQG SULRULWL]H GLIIHUHQW VHIJPHQWYV RI WKH L
XQGHUVWDQGLQJRIWKHFRQWH[W ZLWKLQ LPDJHV >
7KHVHO|I DWWHQWLRQ PHFEKDQLVP LV FRPSRVHG RI TXHULH
ULYHG IURPWKHLQSXW GDWD WR FRPSXWHDWWHQWLRQ VFRL
SODFHG RQ YDULRXV SDUWV RIWKHLQSXW VHTXHQFH



'HHS /HDUQLQJ

$WW+¢@WVR:QVR|WP%O|§ Vv
k

,Q WKLV Hdf GIHRQIRRMHY WKH GLPHQVLRQDOLW\ RI WKH NH\V
SDELOLW\WR G\QDPLFDOO\DOORFDWHIRFXVDFURVYVY WKH L
WDVN

7KH DUFKLWHFWXUH HQFRPSDVVHVY DQ HQFRGHU DQG D G
OD\HUV 7KHHQFRGHU SURFHVVHV WKHLQSXW GDWD JHQH
WDWLRQV ZKLFKWKHGHFRGHU XVHV WR SURGXFH WKH RXW
IURP WH[WXDO RXWSXWV LQ1/3DSSOLFDWLRQV WR VWUXFW
SXWHU YLVLRQ WDVNV 7KH WHUP "))1" EHORZ VWDQGV IRU)
ZLWKLQ ERWK WKH HQFRGHU DQG GHFRGHU WKDW FRQVLVW
WLRQVIROORZHGE\QRQOLQHDUDFWLYDWLRQV FUXFLDO I
FRPSOH[SDWWHUQV

(QFRGHUBWWHQMKWYRQ)) I

'"HFRGHUSWWHOWHRQ) I

SRVLWLRQDO HQFRGLQJLV LQWHIJUDO WR WKH 7UDQVIRUT
ODFNRIVHTXHQWLDORUGHU XQGHUVWDQGLQJ 7KURXJK Wk
SRVLWLRQDO HQFRGLQJLPSDUWV WKHVHTXHQFH RUGHU RI
HITHFWLYHO\

pos

PE(pos;Zi): VL 000@/dprcHO

pos

PE(pos;2i+1) = FR OOOGi/dpRGHO

TKHDGDSWDWLRQ RI WKH 7UDQVIRUPHU DUFKLWHFWXUH
WKH9LVLRQ 7UDQVIRUPHU 9L7 PRGHO KDV GHPRQVWUDWF
DIJHVLQ SDWFKHV WUHDWLQJWKHPDVVHTXHQFHV WR OHYF
WXULQJWKHVFHQHIVIJOREDOFRQWH[W SURYLQJKIIHFWLY

7KHIOH[LELOLW\RI7UDQVIRUPHUY FKDUDFWHUL]HG E\V
WR YDULRXVLQSXWGDWD VFDOHVY SRVLWLRQV WKHP DV D L
2QJRLQJDGYDQFHPHQWYV VXJIJHVW WKDW LQWHJUDWLQJ 7U|
ZRUNDUFKLWHFWXUHV FRXOG IXUWKHUHQKDQFH WKHLU XW
SUDFWLFDODSSOLFDWLRQVLQ WKHILHOG



'HHS /HDUQLQJ

8 1HW

7TKH8 1IHWDUFKLWHFWXUHKDV EHFRPHD FRUQHUVWRQHLQW
IRULWY UHPDUNDEOH HIILFLHQF\LQ LPDJH VHIPHQWDWLRQ
LPDJH VHIPHQWDWLRQ 8 1HWYV GHVLJQ LV RSWLPL]JHG IRU S
HIFHSWLRQDOO\ HIITHFWLYH DFURVV D ZLGH UDQJH RI LPDJLQ
WHIWXUHDQG FRQWH[WXDO LQIRUPDWLIRQ LVHVVHQWLDO IRL

&KDUDFWHUL]J]HG E\LWV GLVWLQFWLYH S8 VKDSHG VWUXFWX
WKDWFDSWXUHVWKHFRQWH[WDQGDV\PPHWULFH[SDQGLQJ
SDWKDUFKLWHFWXUHHQDEOHV WKHPRGHO WR GHOLYHU KLJ
GDWD WKURXJK WKH HITHFWLYH XVH RI GDWD DXJPHQWDWLR
FLQFWO\GHVFULEHG DV

8 1HW (QFRGHMFRGHU

+HUWDQGUHSUHVHQW WKHLQSXWLPDIJHDQG WKHRXWSXW VI
7TKHHQFRGHU VHFWLRQ DGRSWV D FRQYROXWLRQDO QHWZRU
SRROLQJRSHUDWLRQV WR GLVWLOO FRQWH[WXDO LQIRUPDW
LQFRQWUDVW HPSOR\VWUDQVSRVHG FRQYROXWLRQV WR HJ[
LQDO LQSXW VL]IH 6NLS FRQQHFWLRQV DUHLPSOHPHQWHG EI
DQGGHFRGHU HQULFKLQJWKHGHFRGHU ZLWK KLJK UHVRO X\
LPDIJHUHFRQVWUXFWLRQ

6ENLS &RQOMHEM EFRFRrRGHU

,Q WKLV HI% PR QRBRr6HQRWH IHDWXUH PDSV IURP WKH HQFF
SDWKZD\V UHVSHEQGLYFHIDN LAAMWKFRQFDWHQDWLRQ RSHUDWLI

%H\RQG LWV RULJLQV LQ ELRPHGLFDO LPDJLQJ 8 1HW KDV (
DFURVVD YDULHW\RIFRPSXWHUYLVLRQFKDOOHQJHYVY VKRZF
LQ WDVNV EH\RQG LWV LQLWLDO VFRSH 7KH DUFKLWHFWXUH
PDNHV LWD YDOXDEOHWRROIRUDQ\DSSOLFDWLRQ UHTXLUL:

)XUWKHUPRUH WKH SRWHQWLDO IRU 8 1HW WR EH LQWHJU
HOV VXFKDV &11VDQG 7UDQVIRUPHUV RSHQV XS QHZDYHQXH!
6XFKLQWHJUDWLRQVFDQOHYHUDJHS8 1IHWJVVWUHQJWKLQS
FRQWH[WXDO XQGHUVWDQGLQJRIIHUHG E\RWKHU DUFKLWHF
YDQFHPHQWV LQ FRPSXWHU YLVLRQ



6 XPPDU\

6 XPPDU\

7KH HISORUDWLRQ RI3&RPSXWHU *UDSKLFV DQG 9LVLRQ" Kl
LQJLQ FUHDWLQJ UHDOLVWLF GLJLWDO LPDJHV T7HFKQLTX
LOOXPLOQDWLRQPRGHOVDUHNH\LQ VLPXODWLQJKRZ OLJKY
DSSHDUDQFHDQG KRZWKHVFHQHLY SHUFHLYHG 7KH UHQ
XQGHUVWDQGLQJOLIJKWYIVEHKDYLRU OHDGLQJWR WKHGH
WRUHDOLVWLF UHQGHULQJ OHDQZKLOH JOREDO LOOXPLQ
UDGLRVLW\JLYH GHWDLOHG VLPXODWLRQV RI OLJKWTV GLI
WKHUHDOLVP RIFRPSXWHU JHQHUDWHG LPDJHU\ 7KLV EDF
XQGHUVWDQGLQJWKHEBHWB £6& WLOFNOMHSWVOMWUWI LQVLF LPDJH ¢
ZLWKOLIJKWLQJHVWLPDWLRQ 7KHVHFWLRQRQVWUXFWXUFE
WZHHQ JHRPHWU\DQG OLIJKWLQJ ZLWK WKHDFFXUDWH UHF
IURP WZR GLPHQVLRQDO LPDJHVY KHDYLO\ GHSHQGHQW RQ
SHUFHSWLRQ %H\RQG LWV EDVLF IXQFWLRQLQ UHFRQVWU
LQHVWLPDWLQJ FDPHUD WUDMHFWR U L4AHKH VX &FRVUHAUIPQ DWE
FDPHUDYV\DZDQJOHLV QHFHVVDU\IRUFRQGXFWLQJVSDW|

,Q WKH3*HHS /HDUQLQJ  VHFWLRQ WKHIRFXV VKLIWV WR
QHWZRUNDUFKLWHFWXUHVRQLQWHUSUHWLQJYLVXDO GD\
IRUZDUG 1HXUDO 1HWZRUNV )11V ZKLOHIRXQGDWLRQDO
KLHUDUFKLHV SDYLQJ WKH ZD\IRU WKH DGRSWLRQ RI &RQ
LQ WDVNV UHTXLULQJDQ XQGHUVWDQGLQJRIVSDWLDO UHC
ZLWK WKHLU DELOLW\WR OHDUQ KLHUDUFKLFDO IHDWXUH U
FDQWO\DGYDQFHG WKHILHOGYTVFDSDELOLW\WR SURFHVV L
OLJKWLQJ 7KHLQWURGXFWLRQRI7UDQVIRUPHUVDQGS 1H
ER[DYDLODEOHIRUFRPSXWHU YLVLRQ WDVNV RIIHULQJ QR
DQG DFKLHYH SUHFLVH ORFDOL]DWLRQLQ LPDJH VHIJPHQWCL
XQGHUVFRUH WKH V\QHUJ\EHWZHHQ GHHS OHDUQLQJPRGH
QLTXHV HQKDQFLQJWKH DELOLW\ WR DQDO\]H DQG PDQLS
UHDOLVP DQG DFFXUDF\ 7KHVH QHXUDO QHWZRQN® DUH H[
ZLWK 8 1HW VHUYLQJ DV WKH SULQFRODT DD G K LRUHAHNXURRIC
LQJVLIJQLILFDQWO\WR WKHHQG WR HQG VSDWLR WHPSRUTL
FKDSWHU

TKHLQWHJUDWLRQ RIFRPSXWHU JUDSKLFVDQG YLVLRQYV
UHSUHVHQWYVY D VLIQLILFDQW OHDS IRUZDUG LQ FUHDWLQJ
%\ FRPELQLQJ WKH SULQFLSOHV RI OLJKW PRGHOLQJDQG <
UHFRIJQLWLRQ FDSDELOLWLHV RI QHXUDO QHWZRUNV UHVI



6 XPPDU\

SOH[ FKDOOHQJHV LQ OLJKWLQJDQDO\VLV IURP HVWLPDWLQ
SKRWRUHDOLVWLFVFHQHY 7KHRQJRLQJHYROXWLRQRIWKH
SRVVLELOLWLHV LQ GLJLWDO LPDJLQJ DXJPHQWHG UHDOLW\
LQKRZZHFDSWXUH VLPXODWH DQG XQGHUVWDQG WKH YLVX



&KDSWHU

I[LIKWLQJ (VWLPDWLRQ FRPE
, QWULQVLF ,PDJH '"HFRPSRVL

7KH TXHVW IRUXQGHUVWDQGLQJDQG UHSOLFDWLQJKXPDQ
DGYDQFHPHQWY LQ FRPSXWHU YLVLRQ SDUWLFXODUO\LQ \
YLVXDO ZRUOG DV SHUFHLYHG E\ KXPDQ H\HV 7KLV FKDOOH
RILPDJHVLQWR WKHLU LQWULQVLF FRPSRQHQWYV 7KLV FKE
UHVHDUFKIRFXVHGRQLQWULQVLFLPDJHGHFRPSRVLWLRQ
WDUJHWLQJWKH FKDOOHQJHRIOLJKWLQJHVWLPDWLRQ ZL!

, QWULQVLFLPDJHGHFRPSRVLWLRQ DIXQGDPHQWDO SUR
UDWHDQLPDJHLQWRLWY FRQVWLWXHQW HOHPHQWYV W\SL
WKHLQWULQVLF FRORU RIREMHFWY XQDIIHFWHG E\ OLJKW
LOOXPLQDWLRQ 7KLV VHSDUDWLRQ LV FUXFLDO IRUQXPHU
UHQGHULQJ LPDJHHGLWLQJ DQG XQGHUVWDQGLQJVFHQH

7KHLQLWLDO GHVLJQLQFRUSRUDWHG D 8 1HW DUFKLWHF
DOEHGR DQG VKDGLQJ FRPSRQHQWY 7KH K\SRWKHVLV ZDV
OHYHO RIWKH8 1HWFRQWDLQHG HQFRGHG LQIRUPDWLRQ D
LPDJH $Q H[SHULPHQWDO DWWDFKPHQW RI D 0OXOWL /D\HU
GHHSHVW OD\HURI 8 1HWDLPHG WR H[WUDFW WKH GLUHFW.L

7KH SURWRW\SH RI WKLV DSSURDFK ZDV LQLWLDOO\WUDL
%OHQG® UWDNLQIJDGYDQWDJH RIWKHDFFHVV WR JURXQG W
GXULQJWKHUHQGHULQJ SURFHVV +RZHYHU WKH H[WHQVL
SUHVHQWHG FKDOOHQJHV GXHWR WKH XQDYDLODELOLW\ RI
VFHQHV 7RDGGUHVV WKLV ZHDGDSWHG RXUHYDOXDWLRGC
LPDJHVY HPSOR\LQJDOWHUQDWLYH WUDLQLQJPHWKRGV WH
DJHVLQWR WKHLULQWULQVLFFRPSRQHQWYV ZLWKRXW WKH

,QDGDSWLQJWRUHDO ZRUOG GDWD OLPLWDWLRQV ZHLC



SHODWHG :RUN

ORVV ZLWKLQ D 6LDPHVH QHWZRUN FRQILIJXUDWLRQ 7KLV FR(
EHWZHHQ WULSOHWV RILPDJHV L DUHIHUHQFHLPDJH LL DV
GLIIHUHQW VKDGLQJ DQGLLL DWKLUGLPDJHZLWK FRQVLVW
DSSURDFK HQDEOHV DQ LQGLUHFW DVVHVVPHQW RIPRGHO SF
RIDEVHQW JURXQG WUXWKLQWULQVLFLPDJHVIRUUHDO ZRU

$OWKRXJKWKHWULSOHW ORVVDSSURDFKHOLPLQDWHG WK
LGHQWLI\LQJ VXFK WULSOHWY LQ WKH UHDO ZRUOG SRVHG D \
KHDY\UHOLDQFHRQ VIQWKHWLFVFHQHV UHQGHUHGLQ %OHQ
GHFRPSRVLQJVLPSOH VIQWKHWLF LPDJHV EXW VWUXJJOHG Z
VFHQHV

7KLVUHVHDUFK SKDVH GHVSLWHLWYVYFKDOOHQJHV RIIHUV
VWUDWLQJ WKH LWHUDWLYH DQG RIWHQ QRQ OLQHDU QDWXU
PHQWV WKLV MRXUQH\ SURYLGLQJD GHWDLOHG DFFRXQW RI
LOOXVWUDWLQJD QDUUDWLYH RIOHDUQLQJDQG DGDSWDWLF

7KHIROORZLQJVHFWLRQV GLVFXVVWKHUHODWHG ZRUN WK
GHYHORSHG WKH H[SHULPHQWDO VHWXS DQG UHVXOWV DQG
UDWLYH SKDVH

SHODWHG :RUN

7KH H{TSORUDWLRQ RI LQWULQVLF LPDJH GHFRPSRVLWLRQ LQ
FROQWH[WRIOLJKWLQJHVWLPDWLRQ KDVEHHQVLJQLILFDQW
LQQRYDWLYH VWXGLHV 7KLV VHFWLRQ FRQWH[WXDOL]JHV WK
KLIKOLJKWLQJNH\FRQWULEXWLRQVDQG PHWKRGRORJLHV W

7KHFRQFHSWRILQWULQVLFLPDJHVOALOWWRGRENRHGBRUP
WDQW IRXQGDWLRQIRUWKHILHOG 7KHLUZRUN SURSRVHG WK
FRPSRQHQWY LOOXPLQDWLRQDQG UHIOHFWDQFH 7KLV DSS
UHVHDUFKLQLQWULQVLFLPDJHGHFRPSRVLWLRQEXW DOVR S
GHUVWDQGLQJKRZLPDJHVFDQEHDQDO\WLFDOO\EURNHQ GF
7KHLUPHWKRGRORJ\KDV EHHQ WKH FRUQHUVWRQHRIPDQ\OL
RIDSSOLFDWLRQVLQ FRPSXWHU YLVLRQDQG LPDJH SURFEHVYV

'LWK WKH DGYHQW RI GHHS OHDUQLQJ WKH ILHOG ZLWQHV
1DULKLUD ®W QWURGXFHG D QRYHO DSSURDFK WR LQWULQVL
&RQYROXWLRQDO 1HXUDO 1HWZRUNV &11V 7KLV VWUDWHJ\
WUDLQLQJD &11 WR SUHGLFW RXWSXW DOEHGR DQG VKDGLQJ
LPDJH 7KLV PHWKRG UHSUHVHQWHG D VLJQLILFDQW GHSDUW
FDVLQJ WKH UREXVW SRWHQWLDO RI GHHS OHDUQLQJLQ KDQ



OHWKRG

GHFRPSRVLWLRQ ,WPDUNHGD VKLIWWRZDUGY PRUH GDWI
SDELOLWLHV RI QHXUDO QHWZRUNV WR LQWHUSUHW DQG S
SUHYLRXVO\FKDOOHQJLQJRULPSRVVLEOH ZLWK FRQYHQW

7KHLQWURGXFWLRQRIWKH 8 1HW D UF LM H WK X W HD B\ Y5IRE;
WKHILHOG 2ULJLQDOO\GHYHORSHG IRUELRPHGLFDOLPDJ
IHDWXUHG D FRQWUDFWLQJ SDWK WR FDSWXUH FRQWH[W D¢
ORFDOL]DWLRQ 7KLV GHVLJQ SURYHG WR EH KLJKO\ HIIHFV
LQFOXGLQJLQWULQVLFLPDJHGHFRPSRVLWLRQ 7KHS8 1HW:
ZKLOH PDLQWDLQLQJFRQWH[WXDO LQIRUPDWLRQ PDGH LW
GHFRPSRVLWLRQ LQVSLULQJQHZZD\VWRDSSURDFK  FRPS

,Q WKHUHDOPV RI FRPSXWHU JUDSKLFV DQG YLVLRQ OLJ
VWDQGLQJYLVXDO SHUFHSWLRQ DQ @LPIGH DRUP\D IVE R 9 F RE
WLRQ E\GHYHORSLQJD PHWKRG WR UHFRYHU WKH UHIOHFW
WXUHG XQGHU YDULRXV GLVWDQW LOOXPLQDWLRQV 7KLV P
IUDPHZRUN DQG DFFRPPRGDWLQJ LOOXPLQDWLRQ YDULDW
RI OLJKWLQJHVWLPDWLRQ DSSOLFDWLRQ® MXGE QV&KIHQ L OISR
ZRUN@ SURYLGHG IRXQGDWLRQDOWHFKQLTXHVIRUHVWLPC
RXWGRRU LPDJH WKXV HQKDQFLQJWKH UHDOLVP LQ FRPSX
WLYH HIIRUWYV KDYH HVWDEOLVKHG D FRPSUHKHQVLYH IUDF
IRUDFKLHYLQJUHDOLVWLFDQG FRQWH[W DZDUH SURFHVVI

J)LQDOO\ WKH LQWURGXFWLRQ RI WKH )@FKHLLIKW VAKWHB E
HITHFWLYHQHVV RI WULSOHW ORVV LQ OHDUQLQJILQH JUDL
FRQYROXWLRQDO QHWZRUNWUDLQHG WRRSWLPL]JHWKHHP
SRWHQWLDORIXVLQJWULSOHWORVVLQGHHS OHDUQLQJPF
RIWULSOHW ORVVLQLQWULQVLFLPDJHGHFRPSRVLWLRQ S
PRGHOV WR UHFRJQL]HDQG GLIIHUHQWLDWHEHWZHHQ LQW

7KH IROORZLQJ VHFWLRQV ZLOO HODERUDWH RQ WKH LQ
PHWKRGRORJ\ WKHH[SHULPHQWDO VHWXS DQG WKHLQVLJ

OHWKRG

$WWKHFRUHRIWKHSURSRVHG QHWZRUN WKH8 1HWDUFKL
WR LPDJH WUDQVODWLRQ WDVNV ZDV DGDSWHG WR GHFRP
VKDGLQJFRPSRQHQWY &HQWUDO WR WKLV DSSURDFKZDV V
GHHSHVWOHYHORI8 1THWFRQWDLQHG HQFRGHGLQIRUPDW
WKLV K\SRWKHVLY DQ DGGLWLRQDO 0OXOWL /D\HU 3HUFHSW
WKHGHHSHVWOD\HURI8 1HW DLPLQJWRH[WUDFWVXQOLJI



OHWKRG

JLIXUH2YHUYLHZ RI WKH FRUH RI WKH SURSRVHG PRGHO $Q 5
PRGHO ZKHUH WKH HQFRGHU DQG GHFRGHU RI WKH 8 1HW GH(
DQG VKDGLQJ $QDGGLWLRQDO 0/3 QHWZRUN LOOXVWUDWHG
FHVVHV WKH ODWHQW YDULDEOH IURP WKH GHHSHVW OHYHO R
WLRQ RIWKHLQSXW LPDJH UHSUHVHQWHG E\ SDUDPHWHUV V.

JLIXUH7ULSOHW ,PDJH ([DPSOHV ,PDJH E VKDUHV WKHVDPH
IHUVLQ OLJKWLQJFRQGLWLRQV OHDGLQJWRDGLVWLQFW VK
WKH VDPH OLJKWLQJFRQGLWLRQVDVLPDJH D IHDWXUHV RE

)LJ SURYLGHVDQRYHUYLHZRIWKLV FRUHVWUXFWXUH
7KLV FRUH QHWZRUN LV UHSOLFDWHG WKUHH WLPHV WR IRL
ZRUNV VKDUH WKH VDPH LQLWLDO ZHLJKWV DQG DUH XSGDWH
HUHQFHILPRBHWKH VHAERQIGDULADWHKH VDPH DOEHGR FRPSRQHQ
VKDGLQJ &RQYHUVHOQ\WWBEBHBHYKAKB YPBHHVKDGLQJ FRPSRQH
HQFH EXW KDV D GLIITHUHQW D WKIRGR PRPERO@BQW R) WKLV WU
)L LOOXVWUDWHVYWKHFRPSOHWHQHWZRUNVWUXEWXUHDO
JHYHUDJLQJWKLV UHODWLRQVKLS DPRQJWKHWULSOHW LP|
RQ WKH QHW ZR,USN FO@GS,QNWLDOO\ WKH ORVV IXQFWLRQ IRU V



OHWKRG

JLIXUHBLDPHVH QHWZRUN VWUXFWXUH 7KHFRUH QHWZRUN
WKH VDPH ZHLJKWVY )RUDJLYHQ VHW RI WULSOHW LPDJHV
LQWULQVLF GHFRPSRVLWLRQ DQG OLJKWLQJHVWLPDWLRQ

QHQWYV ZDV IRUPXODWHG DVIROORZV

Li= 06(A2 Si;l1)
L,= 06(A; Sylo)
Lz3= 06 (A1 Ss;l)
La= 06(As Sy la)
Lrecon = L1+ Lo+ La+ Ly;

ZKHALHD 85 LQGLFDWH WKH DO E HGRWKQIGP\DK BHG D § ¥ RP MV WK H
GHFRPSRMLAY L BQ

7KH VHFRQG FRRSRQMEWOFXODWHG DV WKH FRVLQH GLV
JURXQG WUXWK O kg KMQA® W& HBHFGLRFEQ HG,Q L IKWHQ EG LUHF

I—Iighting =1 Yot 'Vpred/ k'Vpredk;

ZKHGYHYV D XQLWYHFWRU 1RWHWKDW WKHWULSOHW FRQGL\
ORVV DV ZHDVVXPHWKHDYDLODELOLW\RIWKHJURXQG WL
UHDO LPDJHV



([SHULPHQW

7TKHUHIRUH WKH WRWDO ORVV IXQFWLRQ /RVV LQWHJUDW
FXUDF\DVSHFWYV

IR \#Vl—recon + I-Iighting

7KLV ORVV IXQFWLRQ IUDPHZRUN LV FUXFLDO IRUEDODQFL!
WLRQ DIJDLQVW WKHDFFXUDF\RIOLJKWLQJHVWLPDWLRQ HQ
LOQOWULQVLFLPDIJHGHFRPSRVLWLRQ FKDOOHQJH

7UDLQLQIJRIWKHGB6LDPHVHQHWZRUN ZDV SUHGRPLQDQWO\T
GHUHGLQ %OHQGHU JLYHQ WKHFKDOOHQJHV LQDFTXLULQJ L

([SHULPHQW

‘HGHVLJQHG RXU H[SHULPHQWY WR HYDOXDWH WKH HITHFWLY
FKLWHFWXUH XWLOL]HG IRUWKHVHH[SHULPHQWV IROORZHG"
ILFLHQF\LQ LPDJH WR LPDJH WUDQVODWLRQ WDVNV 7KH QH'
5*% LPDJHV DW D UHVROXWLRQ RI | 7KLV GHVLJQ FKRLFH
LQJD EDODQFH EHWZHHQ FRPSXWDWLRQDO HIILFLHQF\DQG W
GHWDLOHG LPDJH IHDWXUHV 7KHRXWSXW IURP WKH 8 1HW FR
PDWFKLQJWKHUHVROXWLRQ RI WKHLQSXW LPDJHV 7KLV HQ\
WKHLQWULQVLF FRPSRQHQWV IURP WKHRULJLQDO 5*% LPDJH

&RPSOHPHQWLQJWKHS8 1HW DUHILQHQHWZRUN ZDV HPSOF
GLWLRQV 7KLV QHWZRUN ZDV D VLPSOH 0/3 FRPSRVHG RI WK
GHVLJQ IRFXVHG RQ H{WUDFWLQJDQG SURFHVVLQJWKH ODW|
OHYHORIWKHS8 1HW WUDQVODWLQJWKHPLQWRPHDQLQJIXO
DILPXWK

)RU GDWDVHW JHQHUDWLRQ WZR W\SHV RI VIQWKHWLE GDV
FRPSULVHG LPDJHV JHQHUDWHG IURP SULPLWLYH 'VFHQHV G
LW\LQ D FRQWUROOHG HQYLURQPHQW ZLWK VLPSOHU VFHQH
PRUH FRPSOH[DQG UHDOLVWLF 'VFHQHV DLPLQJWR FKDOO
IRUPDQFH XQGHU PRUH LQWULFDWH DQG YDULHG FRQGLWLRQ
RQ WKH .,77, GDWDVHW SULPDULO\IRU OLJKWLQJHVWLPDWL
D FUXFLDO EHQFKPDUN DOEHLW RQO\IRU WKH OLJKWLQJ HV\
JURXQG WUXWK GDWD IRUDOEHGR DQG VKDGLQJ 7KHLQFOXV
SKDVH RIIHUHG D YDOXDEOH RSSRUWXQLW\WR UHDOL]H WKH |
LRV )LLV GHSLFWLQJH[DPSOHV RIWKHWKUHH GDWDVHWYV

7KH QHWZRUN ZDV WUDLQHG RQDQ 1YLGLD 57; IRU HSRI
SLQJ VWUDWHJI\ 7KH WUDLQLQJVHW LQFOXGHG WULSOH



SHVXOW

"VFHQHV DQG IURP UHDOLVWLF 'VFHQHV )RU YDOLGEL
XVHG HTXDOO\GLYLGHG EHWZHHQ WKH WZR W\SHV RI 'VFH
IRUHDFK LPDJH ZDV DFFXUDWHO\ GHWHUPLQHG DV DOO LP
HQVXULQJUHOLDEOHDQG SUHFLVHGDWD IRUPRGHO HYDO?

SHVXOW

JLIXUH 4XDOLWDWLYH HYDOXDWLRQ RI LQWULQVLF LPDJH G
VWUDWHY UHDVRQDEOH SHUIRUPDQFHRQ XQVHHQLPDJHV Il
VFHQHV +RZHYHU LW H[KLELWV OLPLWDWLRQV ZKHQ DSSO
QLILFDQW GRPDLQ JDS

7KH H[SHULPHQWDO SKDVH ZDV VWUXFWXUHG WR HYDO XI



SHVXOW

'DWDVEBMGLDQ OHDQ O0LQ 0D

SULPLULWLYH
SHDOLVWLF
L 1T,

7TDEOH6XPPDU\RIDQJXODU HUURU VWDWLVWLFV LQ OLJKWLQ
GDWDVHWYV

ZRUN IRULQWULQVLF LPDJH GHFRPSRVLWLRQDQG OLJKWLQJ
NH\ILQGLQIJVDQG GLVFXVVHV WKHLPSOLFDWLRQV RI WKH UH

, QWULQVLF ,PDIJH 'HFRRSRDOWWRQVLYH DVVHVVPHQW RILQWU
VLWLRQ DV LOOXVVWHYIHWBOGE D@BMUVIWLQFW GLVSDULW\LQ WKH ¢
DFURVV GLITHUHQW GDWDVHWY :KLOH WKHPRGHODFKLHYHG
DJHV IURP VIQWKHWLF VFHQHV ERWK SULPLWLYH DQG UHDOI
ZLWK UHDO LPDJHV IURP WKH ., 77, GDWDVHW 7KLV GLVFUHSD
DWWULEXWHG WR WKH VXEVWDQWLDO GRPDLQ JDS EHWZHHQ
SRUWDQW WR QRWH WKH LQKHUHQW GLIILFXOW\LQ REWDLQL
UHDO ZRUOG LPDJHV DFKDOOHQJHFRPSRXQGHG E\WKH WUL:¢
VFKHPH ZKLFKUHTXLUHV WZRDGGLWLRQDO LPDJHV VKDULAQ.
HUHQFHLPDJH IXUWKHUDPSOLILHV WKHFRPSOH[LW\RIWUDL

[LIKWLQJ (VWRERDDWWLRIPYRI OLIKWLQJ HVWLPDWLRQ D GHWDLO
TDEOHZKLFK HQXPHUDWHY WKH PHDQ PHGLDQ PLQLPXP DQ
DFURVYV YDULRXV WHVW GDWDVHWYV $QJXODU HUURU KHUH U
SUHGLFWHG DQG WKHJURXQG WUXWK VXQ GLUHFWLRQV VHU'
LQOLJKWLQJHVWLPDWLRQ 7KHHUURUFDQ YDU\EHWZHHQ LC

7TKHDQDO\WVLVUHYHDOHG WKDW WKHPRGHO GHPRQVWUDW
WKH SULPLWLYH 'VFHQH GDWDVHW +RZHYHU LWV SHUIRUP
DSSOLHG WR PRUHFRPSOH[UHDOLVWLF "VFHQHV DQG WKH .,
IDFWRU\RXWFRPHLQ WKHVHFRQWH[WYV 7KLV WUHQG VXJJHV
WKHGHHSHVWOHYHO RIWKHS8 1HWIDLOHG WRHQFRGHFULWL
GLWLRQV FKDOOHQJLQJD SULPDU\K\SRWKHVLV RIWKHUHVH
YHFWRU WR DGHTXDWHO\FDSWXUH OLJKWLQJ LQIRUPDWLRQ
VHDUFK 7KLVLQFOXGHVLQYHVWLIJDWLQJPRUHVRSKLVWLFD
FDQPRUHHIIHFWLYHO\LQWHUSUHWDQG XWLOL]J]H GDWD IURP

7TKHVH UHVXOWY FROOHFWLYHO\ SURYLGH FULWLFDO LQVLJ



'LVFXVVLRQ

SRVHG PHWKRGV :KLOHWKHDSSURDFKHVY VKRZHG SRWHQW
WKH\UHYHDOHG VLJQLILFDQW OLPLWDWLRQV LQ PRUH FRP
VFRUHV WKH QHHG IRUIXUWKHU UHVHDUFK DQG GHYHORSP}
OLIJIKWLQJHVWLPDWLRQ SDUWLFXODUO\LQ EULGJLQJ WKH
DOQGLQGHYHORSLQJPRUH UREXVWPRGHOV WKDW FDQ HIIH
LQIRUPDWLRQIRUDFFXUDWHOLJKWLQJHVWLPDWLRQ

'LVEXVVLRQ

7KH RXWFRPHV Rl WKLY UHVHDUFK KLJKOLJKW VHYHUDO FU
RI VIQWKHWLF GDWDVHWYV ZKLOH EHQHILFLDO IRU FRQWUT
GRPDLQ JDSLQ UHDO ZRUOG DSSOLFDWLRQ SDUWLFXODUC
WKH ., 77, GDWDVHW

$QRWKHU QRWDEOH REVHUYDWLRQ ZDV WKH OLPLWHG XV
OHYHORIWKHS8 1HWLQFDSWXULQJOLJKWLQJLQIRUPDWLR
VNLS FRQQHFWLRQV PLJKW KDYH SOD\HG D PRUH VXEVWDQ!
WKDQ WKHHQFRGLQJDW LWV GHHSHVW OD\HU $Q DOWHUQD
VWUXFWXUH LQVWHDG RID8 1HW PLJKW\LHOG LPSURYHG |
OLJKWLQJLQIRUPDWLRQ ZLWKRXW WKH LQIOXHQFHRIVNLS

7KH UHFHQW UHVHDU®KR\LEWXVHWRD@HZ SRVVLELOLWLHV L
)XWXUHUHVHDUFKFRXOG WDNHLQVSLUDWLRQIURP VXFK ZR
YDU\LQJOLJKWLQJPRGHOVDQG HQKDQFLQJWKHUHDO ZRU
WLRQDOO\ WKHGHYHORSPHQW RIPRUHVRSKLVWLFDWHG Q
SK\WLFDOO\ EDVHG FRQVWUDLQWY FRXOG IXUWKHULPSURY
HVWLPDWLRQLQ FRPSOH[VFHQDULRYV






&KDSWHU

6SDWLR 7THPSRUDO 2XWGRRL
$JJUHIDWLRQRQ ,PDJHG6HTX

7KH PDWHULDO SUHVHQWHG LQ WKLV FKDSWHU LV GHULYHG
LQWURGXFWLRQ SUHVHQWHG KHUH @ OH) BRPASW H KIDIDVGN G ¥
> @DUHLQFRUSRUDWHG LQWR RWKHU VHFWLRQV RI WKLV F|
FKDSWHU DQGFRQFOXVLRQ FKDSWHU RIWKLV WKHVL\

'HHS OHDUQLQJKDV GUDPDWLFDOO\WUDQVIRUPHG WKH C
WKH H[WUDFWLRQ DQG LQWHUSUHWDWLRQ RI LQWULFDWH L
PHURXV DSSOLFDWLRQV RQH VLJQLILFDQW DUHD LV WKH H"
DJHU\ SDUWLFXODUO\LQ RXWG@GR® UMKQYLWRDN HQ HIVY-RWD O
RI DSSOLFDWLRQV PRVW QRWDEO\LQ WKH UHDOP RI DXJPH}
XQGHUVWDQGLQJ ,Q $5 IRULQVWDQFH WKHDFFXUDWH D¢
LQWRUHDO ZRUOGLPDJHV QHFHVVLWDWHY D SUHFLVH XQG
WLRQ® >>RZHYHU WKHLQKHUHQW FRPSOH[LW\RIRXWGRRU
QDWXUH RIWKH SUREOHP SUHVHQWV VLJQLILFDQW FKDOO
JHRPHWULF FRQILIJXUDWLRQV DQG YDU\LQJOLJKWLQJFRQ
VHQWDWLRQV PDNLQJWKHWDVNRIDFFXUDWHO\HVWLPDW|
FKDOOHQJLQJ ZLWKRXW LPSRVLQJDGGLWLRQDO FRQVWUDI

7KH LPSRUWDQFH RI DFFXUDWH OLJKWLQJ HVWLPDWLRQ
UROHLQ HQKDQFLQJ WKH UHDOLVP RI YLUWXDO VFHQHV LQ
UDSK\ DUFKLWHFWXUDO YLVXDOL]DWLRQ DQG YLGHR JDPF
YLVLRQ DFFXUDWHOLJKWLQJLQIRUPDWLRQLVLQVWUXPH(
WLPDW+R® ZKHUH FRQYROXWLRQDO QHXUDO QHWZRUNV KD
ZKHQ SURYLGHG ZLWK UHDOLVWLFVKDGRZLQIRUPDWLRQ 't
RI OLJKWLQJFRQGLWLRQV KDV UHPDLQHG D FKDOOHQJLQJ
LOYROYHG LQ GHFLSKHULQJ WKH P\ULDG RIOLJKWLQJFXHV



2XU UHVHDUFK HQGHDYRUV WR DGGUHVV WKHVH FKDOOHQ.
HOQYLURQPHQW OLJKWLQJ ZKLFK LV DIRXQGDWLRQDO VWHS
VWDQGLQJ 7KHVLJQLILFDQFHRIHQYLURQPHQW OLJKWLQJ H"
FRKHVLYHXQGHUVWDQGLQJRIWKHOLJKWLQJG\QDPLFVLQRY
SOLFDWLRQV OLNH $5 ZKHUHWKH SHUFHSWLRQRIGHSWK PD!
GHSHQGV RQ DFFXUDWHO\UHQGHUH& @L JKUDLELMOLR® D O CPGHR\Z
LQ WKLV GRPDLQ KDYH SUHGRPLQDQWO\FRQFHQWUDWHG RQ |
LGHQWLI\LQJ VXQ SRVLWLRQV IURP 5*% LPDJHV RU GHGXFLQ
XVLQJPDWHULDOLQIRUPDWLRQ 7KHVHPHWKRGY KRZHYHU
ELOLW\WR QRLVHDQG WKH SUHYDOHQFHRIRXWOLHUV LQ WK

L, QRXUILUVAV KWHBD+*WH U U)RYW 18 & BV FHD3\E E HRDVAKRG X FH G
DSLRQHHULQJDSSURDFK IRUUREXVWO\HVWLPDWLQJWKH JC
PHQWY E\H[SORLWLQJWKHVSDWLDODQG WHPSRUDO FRKHUH
DSSURDFKLQYROYHV D QHZIRXU VWDJH SRVW SURFHVVLQJP
SRUDO ILOWHULQJ ZLWK RXWOLHU GHWHFWLRQ %\ DQDO\]LQ
PHWKRG HIIHFWLYHO\ VDPSOHV DFURVV ERWK DQJXODU DQG \
VDPSOLQJRIIHUVD WZRIROG DGYDQWDJH LW ILOWHUV RXW Q
WKH QHXUDO QHWZRUN EDVHG OLJKWLQJHVWLPDWRU WR EHF
HWHUV VXFKDVVL]H DVSHFWUDWLR DQGFDPHUDIRFDO OHC
DUHD VLQJOH LPDJH EDVHG VXQOLJKW HVWLPDWLRQ XVLQJLC
FRQYROXWLRQDO EORFNDWWHQWLRQ PRGXOH DQG D XQLTX
SURDFK ZKLFKWRJHWKHU PDUND VLJQLILFDQW VWHS IRUZDL

%XLOGLQJRQ WKLV IRXQGD WL KO LIRHMU W H ERIGIGAIGVHES W R D\
(QG $SSURRBKWIKHU DGYDQFHV WKH ILHOG E\LQWURGXFLQJ DC
WKDW VXSHUVHGHV WKHLQLWLDO VWDWLVWLFDO SRVW SURF
7KLVQHZPRGHO VWUHDPOLQHVY WKHHVWLPDWLRQ SURFHVV E
K\SHUSDUDPHWHU WXQLQJDVVRFLDWHG ZLWK SUHYLRXV PH\
QHZ KDQGFUDIWHG SRVLWLRQDO HQFRGLQJPHFKDQLVP GHV
JOREDO FDPHUD DQJOHV IRU VSDWLR WHPSRUDO DJJUHJDWL
WKH HIILFLHQF\ RI WKH HVWLPDWLRQ SURFHVV EXW DOVR VLJ
OLJKWLQJ PRGHO %\DGRSWLQJWKH/DORQGH @ VWWXKHZV R X
PHWKRG SURYLGHV D PRUHFRPSUHKHQVLYHDQG UHDOLVWLF
FRQWULEXWLRQVIURP WKLV VWXG\LQFOXGHWKHDSSOLFDWL
RIOLJKWLQJHVWLPDWLRQ DSLRQHHULQJSRVLWLRQDO HQFF
DJJUHJDWLRQ DQGD SHUIRUPDQFH WKDW VXUSDVVHV H[LVW|]

,QFRQFOXVLRQ RXU MRXUQH\ WKURXJK WKH FRPSOH[ ODQ
OLIKWLQIJHVWLPDWLRQ UHSUHVHQWYV D VLJQLILFDQWDGYDQ



SHODWHG :RUN

IURP D VLQJOH LPDJH EDVHG DSSURDFK ZLWK SRVW SURFH
PRGHO GHPRQVWUDWLQJ WKH SURIRXQG SRWHQWLDO RI G
SRVHG SUREOHPV 7KHVH FRQWULEXWLRQV QRW RQO\ VRO
HVWLPDWLRQLQ YDULRXV DSSOLFDWLRQV EXWDOVR SDYH"
LW\H[SHULHQFHVDQGD GHHSHU XQGHUVWDQGLQJRIRXWG

SHODWHG :RUN

(VWLPDWLRQRIRXWGRRUOLJKWLQJFRQGLWLRQV KDV EHHC
LQFRPSXWHUJUDSKLFVDQG FRPSX@&/HHODWRE OWEHF® DED WI
FDWHJRUL]JHG LQWR WZR SDUWV RQH WKDW D@DQQ|6 WBHN LC
RWKHU WKDW XWLOL]J]HVD VHTXHQFH RILPDJHV >

6LQJOH ,PDJH

+ROG *HRIITUR\@HBWUMRGRYHG D PHWKRG WKDW HVWLPDWHV R
VLQJOH ORZ G\QDPLF UDQJH LPDJH XVLQJ D@ RRAMR OTXKWMLR Q
QHWZRUN ZDV DEOH WR FODVVLI\ WKH VXQ ORFDWLRQ RQ
KHPLVSKHUH DQG HVWLPDWHG RWKHU SDUDPHWHUV VXFK |
SDUDPHWHUV

$QDO\][LQJRXWGRRU OLJKWLQJ FRQG®W KRIQW MVK B UMDKEHRU
UDWHG D PRUH GHOLFDWH@LOTKH-PE QB WILRWHR SBODP HWH U\
QXPHULFDOO\ZLWK WKHJURXQG WUXWK YDOXHV DQG UDWK
GHU ORVV

-LQHW@®QG =KDQ@HDMPRB SURSRVHG VLQJOH LPDJH EDVH
PHWKRGYV KLOHWKHLUBUHQHBBWHRUN SUREDELOLW\ GLV
SRVLWLRQ RQ WKH GLVFUHWL]HG KHPLVSKHUH WKH VXQ SR
IURP WKHLU QHWZRUNV 5@ FHRPWEDQ HE ® HIK WQQ3I HVWLPDW
LPDJHGHFRPSRVLWLRQ $OWKRXJKWKH\DFKLHYHG D QRWL
RQ VIQWKHWLF GDWDVHWYV ZH FRXOG QRW FRPSDUH WKHP
LQWULQVLFLPDJHV ZKLFK DUH XQDYDLODEOH IRUUHDO VFH

OXOWLSOH ,PDJHYV

7KHDERYHOLJKWLQJHVWLPDWLRQPHWKRGVEDVHGRQD VL
FXHVWRGHWHUPLQHD OLJKWLQJFRQGLWLRQ VXFEKDV ZKH
7KHUHIRUH VHYHUDO DWWHPSWV ZHUHPDGHWRLQFUHDVH
WHPSRUDO GRPDLQ LQWIR DFFRXQW >



OHWKRG

JRU H[DPSOH LQ WKH RXWGRRU LOOXPLQDWLRQ HVWLPDW
DO ® WKHDXWKRUV HVWLPDWHG WKH WUDMHFWRU\ RI WKH V
TXHQFH RILPDJHV 8QGHU WKH DVVXPSWLRQ WKDW D VWDWL]
WKH\ GHVLJQHG D UHQGH @LRSWIKXDWWRA EBVRECGHP WR GHW
WLQXRXV FKDQJH RI WKH OLJKWLQJ SDUD BHN WW\D FIK\H P M MK F
IHDWXUHV IURP HDFK LPDJH IUDPH DQG XVHV LW WR HVWLPDW
SDUDPHWHUV LQ DQ LPDJH VHTXHQFH 7KHLU PHWKRG FDQ KD
WLPH FRKHUHQW DXJPHQWDWLRQV +RZHYHU WKHHVWLPDW
WLYH IUDPHV DQG DVVXPHG WKDW WKH VXQ SRVLWLRQ LV JLY]
WLPHVW@P SV >

7KH OLJKWLQJ FRQGLWLRQ HVWLPDWLRQ LV DOVR FUXFLD
REMHFWVY DUH UHDOLVWLF ZKHQ WKH\ DUH UHQGHUHG LQ WK
OLJKWLQJ FRQGLWIEERQRU DQNWW DQFH HVWLPDWHG D GLUHFW
VKDGRZ UHJLRQV DQG WKH FRUUHVSRQGLQJ REMHFWV LQ WK
ZLWK DXJPHQWHG REMHFWV 7KHHVWLPDWLRQ SHUIRUPDQFH
WKH VKDGRZ UHJLRQ DQG WKH ILQGLQJ RI UHODWHG LWHPYV
OHQJLQJLIDVKDGRZ FDVWLQJREMHFW LV QRV@YLWLBDQHILQ V
DVWHUHR FDPHU® WR WKMHIQ GKH\ HVYWLPDWHG VN\DQG VXQ Y
DJHVHTXHQFH XVLQJWKHVXQ GLUHFWLRQ FDOFXODWHG IURF
7KH HVYWLPDWHY DUH WKHQ FRPELQHG ZLWK VKDGRZ GHWHFW
DXJPHQWHG VFHQHV ZLWK DSSURSULDWH VKDGLQJDQG VKDG

5HFHQWO\ VHYHUDO DWWHPSWV KDYHEHHQPDGHWR XVHD:
LQJ FRQGLWIBRBKFK LQIRUPDWLRQ PD\UHVXOW LQ EHWWHU ¢
DWUDGH RII LQJHQHUDOLW® SilQRIBQRE HIBXDPDL@Q O H 5*% ' LPDJ
OLJKWLQJHVWLPDWLRQPHWKRGIRUDXJPHQWHG UHDOLW\DS
HUDWHG VFHQHV WR WUDLQ D GHHS QHXUDO QHWZRUN WKDW |
OLJKW VRXUFHLQ WKHVFHQH 2XWOLHU UHPRYDO DQG WHPSH
WR DFKLHYH WHPSRUDO FRQVLVWHQF\ RI WKH PHWKRG +RZH
RQO\RQ VWDWLF YLHZLPDJHV 2XUPHWKRG RQ WKH RWKHU |
JUHJDWLQJ REVHUYDWLRQV IURP GLIITHUHQW SRLQWYV RI YLHZ
IURP RXUQHZ GHVLJQ E\DXJPHQWLQJYLUWXDO REMHFWV LQ F

OHWKRG

,Q WKLY FKDSWHU ZH GHWDLO WKH PHWKRGRORJLHV RI WZR |
WLPDWLRQ WHFKQLTXHYV 7KHILUVW DSSURDFK NQRZQ DV W
OLJKWLQJ FRQGLWLRQV RQ VLQJOH LPDJHV IROORZHG E\ D W



OHWKRG

JLIXUH6SDWLR WHPSRUDO RXWGRRU OLJKWLQJ DJJUHJDWL
XDO HVWLPDWHV IURP HDFK JHQHUDWHG VXELPDJH DUH FRF
6SDWLDO DJJUHIJDWLRQ UHVXOWV IRUHDFKLPDJH LQ WKH V
HIJR PRWLRQ GDWD DQG IXUWKHU UHILQHG LQ WKH WHPSRU
OLIKWLQIJHVWLPDWHIRUWKHVHTXHQFH

WLDOO\ QRLV\OLJKWLQJHVWLPDWHY DUHDJJUHJDWHG VS
DGMXVW IRUWKHDQJOHRIWKHHJR YHKLFOH DQG ILQDOO\
UDO GRPDLQ 7KLV PHWKRG HIILFLHQWO\DJJUHJDWHY VSDYV
HQKDQFLQJWKHUREXVWQHVV RIOLJKWLQJHVWLPDWLRQ

%XLOGLQJ XSRQ WKLV RXU VHFRQG DSSURDFK WKH p(QG
SURFHVV E\ HOLPLQDWLQJ WKH VHSDUDWH SRVW SURFHVYV
IRUPHU QHWZRUN WKDW HPSOR\V D VSDWLR WHPSRUDO DW\
KHVLYHDQGHIILFLHQW PHDQV RIDJJUHJDWLQJOLJKWLQJL
UDWHVY WKHDGYDQFHG /DORQGH ODWWKHZV VXQ VN\OLJKW
UHDOLVWLFHVWLPDWLRQRIRXWGRRUOLJKWLQJFRQGLWLI
(QG WR (QG $SSURDFK UHSUHVHQWYV D VLJQLILFDQW DGYDC
WLPDWLRQ VKLIWLQJIURPD SURFHVV ZLWK VHSDUDWH VWE
PRGHO

JRXU 6WDJH $SSURDFK

‘HWDNHDGYDQWDJHRIGLITHUHQWDVSHFWV RI SUHYLRXYV Z
PRGHO $V LOOXVWRXWH®RGE QPLLIY FRPSRVHG RIIRXU VXESI
UDQGRPO\JHQHUDWH VHYHUDO VPDOO VXELPDJHV IURP DQ
IL[HG VL]H 6LQFHPRGHUQ FDPHUDV DUHFDSDEOHRIFDSWX



OHWKRG

WKDW OLJKWLQJ FRQGLWLRQ HVWLPDWLRQ FDQ EH GRQH RQ I
VDPSOHVY REWDLQHG IURP RQH LPDJH DOO VKDUH WKH VDPH O
PRUH UREXVWQHVV FRPSDUHG WR D VLQJOH LPDJH YLHZ 7KH
QHWZRUNRQHDFK VDPSOH WR REWDLQ WKH JOREDO OLJKWLQ

$IWHU WKHQHWZRUNHVWLPDWHY WKHOLJKWLQJFRQGLWLF
VSDWLDO DJJUHJDWLRQ VWHS WR JHW D VWDEOH SUHGLFWLR(
HDFKIUDPHLVEDVHGRQLWVRZQFDPHUD FRRUGLQDWH V\VW|
YLGXDO SUHGLFWLRQV LQWR RQHJOREDO FRRUGLQDWH V\VW
WKH FDOLEUDWHG HVWLPDWHY DUH FRPELQHG LQ WKH WHPS!
EHKLQG RXUDSSURDFK LV WKDW GLVWDQW VXQ HQYLURQPHQ
SLFWXUH ZDV WDNHQ DQG WKDW WKH YDULDWLRQ LQ OLJKW L
7KURXJK WKH IROORZLQJVHFWLRQV ZHLQWURGXFH WKH GHYV

ILIKWLQJ (VWLPDWLRQ

7TKHUHKDYHEHHQVHYHUDOVXQDQGVN\PRGHOVWRSDUDPHMW
@ $OWKRXIJK WKRVH PHWKRGV DUH SRWHQWLDOO\ XVHIXO
FRQVLVWHQWO\ LQ WKLV ZRUN ZHIRFXV RQO\RQ WKH PRVW F
UHFWLRQ 7KHUDWLRQDOHEHKLQG WKLV LV WKDW JURXQG W
IRUYLGHR VHTXHQFHV ZLWK *36 DQG WLPHVW@@P S TKQHRBPDWL
IRUH WKHOLJKWLQJHVWLPDWLRQ QHMWERUQYWL Q X W BIWNK HWIX
ORFDWLRQLQ WKHFDPHUD FRRUGLQDWH V\VWHP
8QOLNHRXU SUHGE@ FHN GRIWY >Q RXU QHWZRUNDV D GLUHFW
RYHUFRPH WKH QHHG IRUD VHQVLWLYH GLVFUHWL]DWLRQ RI\
HWD® SUHVHQWHG D UHJUHVVLRQ QHWZRUN HVWLPDWLQJ W
QDWHY DOWLWXGHDQG DJLPXWK 2XUPHWKRG KRZHYHU H
&DUWHVLDQ FRRUGLQDWHV DQG GRHVQRW VXIIHUIURP VLQJX
DQG WKHDPELIJXLW\WKDW FRPHVIURP WKH F\FOLF QDWXUH R
6LOQFH ZH WUDLQ RXUQHWZRUNLQDVXSHUYLVHGPDQQHU \
SDUHWKHHVWLPDWHG VXQ GLYHFWLRQ ZLWK WKH JURXQG WL

L cosine = 1 Yot 'Vpred/jj 'Vpredjj;

ZLWK WKH WZR DGMDFHQW XQLW YHFEWRLU V7R IDYLRLIGWKKIH X Q Q ¢
FHUWDLQW\WKDW FRPHV IURP WKH YHFWRUV SRLQWLQJ WKH \
DSSO\DQRWKHU FRQVWUDLQW WR WKH ORVV IXQFWLRQ

Lhorm = (1 Jj 'Vpredjj)z:



OHWKRG

7TKHODVWWHUPRIWKHORVVIXQFWLRQHQVXUHV WKDW WKH
KHPLVSKHUH EHFDXVH ZHDVVXPH WKHVXQLV WKHSULPDU\

Lhemi = Max(0; Zyred);

ZKHAJGE LV WKH WK LUGWRK PISRQIHPWRQJ WKHDOWLWXGH RI W
IXQFWLRQLVVLPSO\WKHVXPRIDOO WHUPV DV WKH\VKDUH

Lsun = Lcosine + Lnorm + Lhemi:

6SDWLDO $JJUHIJDWLRQ

8VLQJRXU OLJKWLQJHVWLPDWRU ZH JDWKHU VHYHUDO OL.
UHJLRQV RIWKHLPDJH 6RPHRIWKRVHHVWLPDWHY PD\ FRC
LQIRUPDWLRQLQ WKH JLYHQ UHJLRQ WR SUHGLFW WKH OLJK
DV RXWOLHUV 2XU PHWKRGYTV YLUWXH LV WR H[FOXGH DQF
LPDJH EDVHG OLJKWLQJ HVWLPDWLRQ WHFKQLTXHV DQG G|
H[SODLQ WKHLQOLHUYV
$PRQJYDULRXVRXWOLHUUHPRYDODOJRULWKPY ZHHPSC
ULWK@®>7KHWHFKQLTXHLV VSHFLILFDOO\RSWLPL]HG WR L\
DPRGHO RILQOLHUV DQG HOLPLQDWH VDPSOHV QRW FRPSO
JRULWKP UHFXUVLYHO\DQG UDQGRPO\VSOLWY WKH IHDW X |
IRUPLQJ D IRUHVW 6LQFH WKH RXWOLHUV DUH RXWVLGH F
FODVVLILHG DVDQRXWOLHU LI WKHVDPSOHYTV D¥FR@ODJIH SD'
WDPLQDWLRQ UBWHRVHUPLQH WKLY YDOXHHPSLULFDOO\DQ
2Q WKH UHPDLQLQJ LQPHBIQ V KZHVD S G0 R KWRIOM HFW X UH W
IHDVLEOH OLJKWLQJ SDUDPHWHUV 8QOLNH QDLYH DYHUD
UHILQHVY WKH OLJKWLQJHVWLPDWHE\LWHUDWLYHO\FOLPE
WLRQ $QRWKHU H[SHULPHQW EDQ\GZEGRRK/UHRIEEHO/HWSKDHU D [P]H
*DXVVLDQ NHUQHO WR PHDVXUH WKH VDPSOHVY ORFDO GHQ
ZHVHW WKHEDQGZLGWK DV WKHPHGLDQRIDOO VDPSOHVT
SRLQWV LWHUDWLYHO\WRZDUGY WKH FORVHVW SHDN LQ Wi
WKH KLIKHVW GHQVLW\ ZLWKLQ D FOXVWHU RXU VSDWLDO
DJJUHJDWLRQ PHWKRGV LQ WKHDEODWLRQ VWXG\LQ

&DOLEUDWLRQ

6LQFH RXU SULPDU\JRDO LV WR DVVHVV WKH VXQ GLUHFWL
LEUDWLRQ VWHS WR DOLJQ WKHHVWLPDWHY EHFDXVH WKH
LQDVHTXHQFHLVLQLWVRZQ ORFDO FDPHUD FRRUGLQDWH



OHWKRG

QHFHVVDU\WR WUDQVIRUPWKHHVWLPDWHG VXQ GLUHFWLRQ
‘HDVVXPH WKH QRLVHDQG GULIWLQ WKHHJIJR PRWLRQ HVWLF
LQJHVWLPDWLRQ +HQFH ZHHPSOR\DVWDWH RI WKH DUW V\
VXFKD&F WRHVWLPDWHWKHHIJR PRWLRQIURPDQLPDJHVHTXFE
URWDWLRQRDWDEK ID@® W KH UHVXOWL@p,‘ldFLD/OH_FEFUSDX/W\H{ISY[H\FW
Ri ' pred

7THPSRUDO $JJUHJDWLRQ

+DYLQJ WKH WHPSRUDO HVWLPDWHYV DOLJQHG LQ WKH VDPH J
WKHP DVLQGHSHQGHQW REVHUYDWLRQV RI WKH VDPH OLJKW
$OWKRXJK WKH OLJKWLQJ HVWLPDWHVY IURP RXU UHJUHVVLRC
GHQW IRUFRQVHFXWLYH YLGHR IUDPHV QDWXUDO LPDJH VH"
H[SHULPHQWY UHYHDO D ODUJH GHJUHH RILQGHSHQGHQW Q|
KRZHYHU SROOXWHG ZLWK D QRQ QHJOHFWDEOHDPRXQW RIR
LODU DJJUHJDWLRQ VWUDWHJ\DV LQ WKH VSDWLDO GRPDLQ C
WKHILQDO RXWSXW RI RXU SLSHOLQH WKH OLJKWLQJFRQGL\
PHDQ VKLIWDOJRULWKPYV UHVXOW RQ WKHLQOLHUVIURP DO

(QG WR (QG $SSURDFK

,Q GHYHORSLQJRXUDGYDQFHG PRGHO ZHKDYHLQWHJUDWH
FXOPLQDWLQJLQDV\VWHP WKDW V\QHUJL]HV IWZRIGLYNQD FW
IRUPHU QHW@ZRVNKRZQ LTKIUMPRGHO EHIJLQV E\H[WUDFWLQJ Q
VXELPDJHV IURPDQLPDJHVHTXHQFH XWLOL]JLQJWKHKLJK U
UDU\ FDPHUDV WR IRFXV RQ PLQXWH VFHQH GHWDLOV IRU OLJ
O\][LQJWKHVHVPDOOHU VHFWLRQVDFURVV GLIITHUHQW VHTXH
REVHUYDWLRQV DOO FRQWULEXWLQJWRDFRPSUHKHQVLYH:
GLWLRQV 7KLV PHWKRGRORJ\LVURRWHGLQHPSLULFDO ILQ
RIDVVHVVLQJOLJKWLQJIURPPXOWLSOHVPDOO VHJPHQWYV ZlI

$00 LPDJH FURSV DUH SDVVHG WKURXJK WKH EDFNERQH QH
RI SDWFK HPEHGGLQJV :H WKHQ DGG DQ RULHQWDWLRQ LQY
WKH VHTXHQFH WR RXU WUDQVIRUPHU QHWZRUN 7KURXJK W
WHPSRUDO REVHUYDWLRQV FDQ EH HITHFWLYHO\DJJUHJDWH (
DUH GHOLYHUHG WR D GHQVH OD\HDWWWRDBW 8 DBGXFPHINDMKLIR IV
PRGHO SDUDPHWHUV 7KHVXQ GLUHFWLRQ HVWLPDWHY DUH |
QDWH VA\VWHPV :H FRPSHQVDWH WKH FDPHUD \DZ DQJOH RI H
DOLJQHG HVWLPDWHV LQ D XQLILHG JOREDO FRRUGLQDWH V\V



OHWKRG

JLIXUH6SDWLR WHPSRUDO RXWGRRU OLJKWLQJ DJJUHJDWI
YHFWRUV DUHHWUDFWHG IURP VXELPDJHV XVLQJD 5HV1HYV
OXWH SRVLWLRQDO HQFRGLQJ RXU WUDQVIRUPHU QHWZRU
GLYLGXDO HVWLPDWHY PDGH LQ HDFK FDPHUD FRRUGLQDW
DQJOHGDWDDQGIXVHG WR\LHOG WKHOLJKWLQJHVWLPDW

DYHUDJHRIDOO HVWLPDWHY 1RWHWRDQ\E NV B Bl RVANKSIEWRD P H
QRWUHTXLUHWKHDOLIJQPHQW VWHS DVWKH\GRQRWYDU\.
DVVXPSWLRQ EHKLQG RXUVSDWLR WHPSRUDODJJUHJDWLR
FDQ EH FRQVLGHUHG LQYDULDQW IRU VPDOO VFDOH WUDQ\
WLRQLQ OLIKWLQJGLUHFWLRQLVY QHJOLJLEOHIRUVKRUW
LOQWURGXFH WKH GHWDLOV RI RXUPHWKRG

I[LIJIKWLQJ (VWLPDWLRQ

,QRXUUHVHDUFK ZHKDYHHPSOR\HG VRSKLVWLFDWHG VXQ
OLJKWLQJFRQGLWRREGN @ RWDRO@WIQHDWIRI) GH ORXWW K H Z V
GRRU LOOXPLQD®& LRYIRGFHQFIURP RXU SUHYLRXV PHWKRC
IREXVHV RQ SUHGLFWLQ JDXRQESDH DB RIGIHHM K LW RRGHO G H
DMy LQWULFDWHO\FDSWXUHV WKH OXPLQDQFH RI RXWGRI
GLUHPWRRQULVLQF RIMKG/O\FRPSRQHQWY ,W RSHUDWHYV



OHWKRG

JLIXUH6N\ WH[WXUHYV JH/DHOURENEHGOP\WAKIKHZIVWK YDULRXV VHW
SDUDPHWHUVY HDFK GHSLFWLQJD VN\KHPLVSKHUH ZKHUH WK
WKH]JHQLWK

KHQVLYHVHWRI SDUDPHWHUV

fim (Bm) = Zonfaun (955 Qn)+ Zoysky (2 Qn);
fsun(O; 5 Gn)= HIS HI[S /FRY;
fay (X Qn)=Tfr( o ot);
am = f Zuns Zy: 55t @nd

7KHVH SDUDPHWH P RLDEBRXGRE UHSUHVHQWLQJ PHDQ VXQ L
FRORUV VXQVKDSH &MV ®WXIUSDIORUWK H VX QIV¥[SRVIWLRQ
7KH DQoDAHGP HDVXUH WKH JHQLWK D QJ CCHORSI WK i RW 0K O \VEDR WH R
UHODWLYH WR \@KHHAKSHSRWAVMAICRQY GG RQ WKH 3UHHBMW KDP VN\
JRUPRUH GHWDLOV SOHDYIHUS LNVS VR\YSSNHQGILW XUHV JHQHU
IDORQGH OPRVGNHKH ZV

7R DFFXUDWHO\HVWLPDWH WKH VXQ GLUHFWLRQ D FULWLF
DGLUHFW UHJUHVVLRQ DSSURDFK XVLQJ &DUWHVLDQ FRRUGL
PHWKRG GLVWLQFW IURP ®UMK DRXYVHROR.GIKEOR/Q>V SKHULEDO FR|
WKH FRPSOLFDWLRQV RIVLQJXODULWLHV DQG F\FOLFDPELJX
WLRQ

YRUWKH VXQ GLUHFW L R QD-ORMDLEPHD WD ARGHRAHVZ RILDQMAL IOHL JH W K H
ORVV IXIQFWQRTD DVHPSOR\VHGLQWKH)RXU 6WDJH $SSURDFK

WHQF\LQ RXUPHWKRGRORJ\ZKLOHIRFXVLQJRXUDGYDQFHPI
SDUWLFXODUO\ WK H/ID@W I BUHD WDARGKEPH IO W KRIQ SDUDPHWHUYV

JRUWKHUHPDLQLQJ SDUDPHWHUYV ZHDSSO\WKHPHDQ VTX



OHWKRG

YDOXHVDQG WKHQRUPDOL]JHG @ RXQG WUXWK YDOXHV DV L

red t 2
un 2un
2
red t
ky 2ky
2

pred gt

2

2
pred gt

Lz, =

L Zsky

Wk WlE
)

L beta =

L kappa — )

2
Lt - tpred tgt
h ? i
Lparam = 5 Lz, * I—Zsky + Lpeta + I—kappa"' Lt

6LQFH WKH WZR OR WA QFMMOAROVLPLODU PDIJQLWXGHV Z
ILQDO ORVV IXQFWLRQ DV WKH VXP RI WKHP

I—Iight = Lsun t+ Lparam:

SWWHQWLRQ EDVHG $JJUHJDWLRQ

,Q RUGHU WR H{WUDFW UREXVW HVWLPDWHV IURP QRLV\ RE
VFULEH® UBIGLHY KHDYLO\ RQ VWDWLVWLFDO ILOWHULQJ X
ZLWK WKHPHDQVKLIWDOJRULWKP +RZHYHU WKLV DSSURD
LQJ ZLWK KDQGFUDIWHG VHOHFWLRQ FULWHULD :H H[WHQC
VWHS ZLWK D SXUHO\ HQG WR HQG DWWHQWLRQ GULYHQ SL
LOOXVWUDWHG LQ )LIXUH

‘HWDNHLQVSLUBWRE @ XWRPHWZRUN GHVLIQDQG DGRSW V
IRU RXU WDVN 7KLV LQFOXGHV VHOI DWWHQ\@LRQGXSUGJ P
SURFHVVLQJLPDJHV ZLWK D FRQYROXWLRQDO QHXUDO QH\
LPDJHV ZH IhUASDWHOBPWUDQGRPL]HG FURSV IRUHDFK IUD
ZRUN@> )RUHDFK FURS ZH D BQBRENMUHMR H{WUDFW IHDW)>
(DFK HPEHGGHG SDWFK LV IHGDVLQSXW WRRXUWUDQVIRUTF
RI WKH WUDQVIRUPHU QHWZRUN LV WKDW LW FDQ DVVRFLD
WLPH JLYHQ D SURSHU SRVLWLRQDO HQFRGLQJ 6LQFH DOC
FRQGLWLRQDQG ZH DVVXPH ZH NQRZ WKHLU UHODWLYH RUL
WLRQ WKH 7UDQVIRUPHUTV DWWHQWLRQ PHFKDQLVP LQKH!
SUHGLFWLRQV +RZHYHU ZH QHHG WR SURYLGH WKH UHOD
WR PDNH WKH OLJKW HVWLPDWLRQ LQYDULDQW WR WKH FDF
SRVLWLRQDO HQFRGLQJ



OHWKRG

2ULHQWDWLRQ LQYDULDQW 3RVLWLRQDO (QFRGLQJ

6ROHO\ UHO\LQJ RQ LPDJH IHDWXUHY HQDEOHY RQO\ WR HVW|
IUDPH +RZHYHU ZH QHHG WR IXVH WKH HVWLPDWHYV LQWR D
UHODWH GLIITHUHQW VXELPDJHV 6LQFH ZH DVVXPH VXQ OLJK!
RI'DUHFRUGHG FDPHUD LPDJH LV UHOHYDQW WR DOLJQ GLIIF
RULHQWDWLRQLQWR WKHLPDJHIHDWXUHV YLD D SRVLWLRQD
\DZ DQJOH RI WKH FDPHUD URWDWLRQV WKH URWDWLRQ DUR
VLQFH SLWFK DQG UROO DQJOHV DUH QDWXUDOO\ FDSWXUHG
HJ KRUL]JRQ )XUWKHU ZHDOVRHQFRGH WKH "SRVLWLRQ
VRXUFHIUDPHLQGHSHQGHQW RIWKHLQWULQVLFFDPHUD SUF
LQWKHFRUUHVSRQGLQJKRUL]JRQWDODQG YHUWLFDOILHOG
JHWVDFRRU@LQDI\RHISLQKROH FDPHUD PRGHMODAAB/KDILHOG
KRULIRQWDOO\DQG YHUWLFDOO\ UHVSHFWQRYXNOD U RPDKIHY H (
FRRUGLRQOWKH WPBPSHRDDRWDQYGCM@EBQURXU SRVLWLRQDO HQ
XVHDQDEVROXWH SRVLWLRQDO HQFRGLQJ L H

enc .
X; Xi+ pi;

ZKHUH WKH SRVLWLR@® & KIQ FKE LB D J b IHRMWDUH WX-SFHUR B
SRVHG 6LPL@®RH W\RH>D IL[HG HQFRGLQJRIVLQHDQG FRVLQH
IUHTXHQFLHV

6LQFH RXU SRVLWLRQDO HQFRGLQJVFKHPHHQFRGHV DQJO|
FRQGLWBSRIQVRGWREHMUDQVLWLRQ |88 PMWRKHKHHOHF@ER @UQRI R |
VKRXOGEHDV VPRRWK D WIRDK GUDLT X IR/ DWR P H VKR X0 G KL
DXQLTXHHQFRGLQJ :HSUHVHQW RXU F\FOLF SRVLWLRQDO H
E\XVLQJ QHVWHG WULJRQRPHWLF IXQFWLRQV DV IROORZV

PE(; 2i))= VL®LKQ /10000%'d
PE(; 2i+1)= VLRV /10000?/¢ ;

Z K H 2 HD; g) DRAGHQRWHV WKHGHSWKRIWKH SRVYVDWQRIPBOWHQFR
LFDOO\GHWHUPLQHG SDUDPHWHU ZKLFKFRQWUROV WKH ZLC
7KHSHULRGLFLW\FRPHVIURP WKHQHVWHG WULJRQRPHWULF
WDEOLVKHG E\LQWHUODFLQY MWKAVWZRH ERVFIWRRYDXLHBQFRGL
E\WKHDERYH IXQFWLRQ

TKHUHVXOWLQJ SRVLWLRQDO HQFRGLQJRIDVXELPDJH LV YV
SRVLWLRQDO HQFRGLQJV 1RWH WKDW WKH GHSWK SDUDPHW
GHSWK RIWKHVWDFNHG YHFWRU PDWFKHVY WKH FKDQQHO VL]I



OHWKRG

JLIXUH &\FOLF SRVLWLRQDO HRPORGIQIJIHRWBLBEBQURAELFLW\ RI
HQFRGLQJVFKHPHLVFOHDUO\YLVLEOHRQ WKHOHIWVLGH I
ULJKW VLGH VKRZV LWV XQLTXHQHVV IRUHDFKDQJOH

$OLIJQPHQW

,Q WKH (QG WR (QG $SSURDFK WKHDOLJQPHQW RIWKH VXQ
GLPHQVLRQDO OLJKWLQJ SDUDPHWHU YHFWRU LV FUXFLDO
6WDJH $SSURDFK 7KLV LV EHFDXVH WKHVH HVWLPDWHYV DU
FDPHUD FRRUGLQDWH V\VWHP EXW IRUD FRPSUHKHQVLYH |
WKH JOREDO FRRUGLQDWH V\VWHP

7TRDOLIQWKHVHVXQGLUHFWLRQHVWLPDWHY ZHHPSOR\
WHFKQLTXH DV XVHG LQ WKH )RXU 6\WWWD JK B8 SWUHRFIKEXL TUH H VY
PHQWDOLQ HVWLPDWLQJ WKHHJR PRWLRQ RIWKHLPDJH VF
VXQGLUHFWLRQ YHFWRUVLQWR WKHJOREDO FRRUGLQDWH

JRU HDFK IUDPH fLGZAHHQRMMDIOEX G MW H WKH F IRP H LHDWJKRNAQD W L F
DOLJQ WKH VXQ GLUHFWLRQ Yahiof WR U WXV LTKL W B 1® E DOFFHK @\
HVVHQWLDO WR HQVXUH WKDW WKH VXQ GLUHFWLRQ HVWLP
ZLWKLQ WKHJOREDO FRRUGLQDWH VI\VWHP

7KH NH\ GLVWLQFWLRQ LQ RXU (QG WR (QG $SSURDFK OL!
+HUH ZH WDNHWKHPHDQRIWKHVHDOLJQHG HVWLPDWHV D
ILQDO SUHGLFWLRQ 7KLV DYHUDJLQJVWHSLV DSSOLHG QF
WR WKH HQWLUH VHW RI OLJKWLQJ SDUDPHWHUV UHIOHFW
(QG WR (QG $SSURDFK



([SHULPHQWV

([SHULPHQWYV

JRXU 6WDJH $SSURDFK
'DWDVHWYV

2QH Rl WKH FRPPRQ GDWDVHWY FRQVLGHUHG LQ WKH RXWGRH
681 GDWImVHWY¥YHUDO SUHYLRXVPHWKRGYV XWLOL]JHGLWLQL
VXELPDJHV E\JHQHUDWLQJ V\QW @H WH FROHORZS\W K W DYDHWIWP DU HD
VLQFH ZH WUDLQ RXU QHWZRUN XVLQJVTXDUH LPDJHV :H ILU
LQWR WKHWUDLQLQJ YDOLGDWLRQ DQG WHVW VHWV ZLWK D
WLRQ VHWV VXELPDJHVIURPHDFK SDQRUDPD DUHWDNHQ E\
7R LQFUHDVH WKH GLYHUVLW\ VXELPDJHV ZLWK UDQGRP D
HDFK SDQRUDPD LQ WKH WHVW VHW 1RWH WKDW ZH LQWURG X
HOHYDWLRQ ZLWK UHV S HF 1 \@ROWQ IKHJORWBGLIR RQ\L\HOHFW D FDP|
YLHZ ZLWKL®&ODSY @Q JAHKH JHQHUDWHG LPIZ6H® UB WKLV HG W
ZD\ ZH SURGXFHG DQG VXELPDJHV IURP
SDQRUDPDV IRUWKHWUDLQLQJ YDOLGDWLRQ DQG WHVW VH!
ZDVJLYHQ E\WKH@®XWKRUV RI >

7KH ZHOO NQRZQ ., @ KONVDDWHRWWWUDFWHG RXU DWWHQW
LV FRPSRVHG RI VHYHUDO UHFWLILHG GULYLQJLPDJH VHTXHC
TXLUHG IRUFDOFXODWLQJWKH & RXQXGWW O XKMK WXI@ G EBRMFUW !
WHVW 6SHFLILFDOO\ VLQFH WeH UDH FEROONHEBWIREHIAR UG H G [
WR DYRLG VHYHUH UHSHWLWLRQ DQG VSOLW RII ILYH UDQGRP
DQG WHVW VHW 7KH UHVXOWLQJWUDLQLQJVHW LY FRPSRVHC
XVLQJRQO\RQHFURSIRUHDFK .,77,LPDJH WKHQHWZRUN LV C
GDWDVHW GXHWR WKHKHDY\LPEDODQFHLQ WKHDPRXQW RI C
ZHFURS VXELPDJHVIURP RQHLPDJHE\YDU\LQJWKHFURSSI
(DFK LPDJHLQ WKH WHVW VHW LV DJDLQ FURSSHG LQWR VXE
DOVR UH¥96 ]256 WRWRWDO ZHWUDLQ RXUQHWZRUNRQDERXW
QXPEHUV RI VDPSOHV DUH POQMVHQWOE VW UIDBEOIN H[DPSOHV R
GDWDVHWYV

,PSOHPHQWDWLRQ '"HWDLOV

2XU OLJKWLQJ HVWLPDWLRQ PRGHO LV D UHJUHVVLRQ QHWZR
DQ5*% LPDIHFI 28 BQG RXWSXWV WKH VXQ GLUHFWLRQ HVWI
FRUH VWUXFW XU H@ WRFGSH/UH EXMO>O\ GHWHUPLQH WKH QXPEHU
ILOWHUV DV ZHOO DV WKH VL]JHV RIILOWHUVY XQGHU H[WHQVLY



([SHULPHQWV

'DWDVHW 681 LT,

'DWD
7UDLQLOJ
6XELPJ
'DWD
THVW
6XELPJ

7TDEOH1IXPEHU RI GDWD DQG VXELPDJHVIRUWUDLQLQJDQG \

WKH PRGHO LV UR X BKERW RRPSFOHFNEIORFNYV HDFK RI ZKLFK L
YROXWLRQDO EORFN@® W,\@ WKW VRZQ® P RRGOUOMHHW ZRUN LV FDSD
LPSRUWDQW VSDWLDODQG FKDQQHO IHDWXUHV ZKLOH DFT)
LQJJUDGLHQWYV E\ XVLQJWKH VKRUWFXW FRQQHFWLRQV $
WR FRQQHFW WKH FRQYROXWLRQ QHWZRUN DQG WKH RXWS
SRVVLEOH RY@UTKW\@HQN¥H OD\HU DW WKHHQG WKHQ UHILQF
VXQ GLUHFWLRQ HVWLPDWH

‘H WUDLQ RXUPRGHO DQG WHVW LWV SHUIRUPDQFH RQ W
VHH 7TDEOHQ GHWDLO ZH HPSLULFDOO\ WUDLQHG RXU OLJK
HSRFKV XVLQJHDUO\VWRSSLQJ 7KHWUDLQLQJ&ZRVLQ@LWLI
DOHDUQUQIWVMWQPHERIKH EDWFK VL]H ZDV , WWRRN KRXUV

7L*38 SUHGLFWLRQRQDVLQJOHLPDJHWDNHY PV 2XU\
DQG VSDWLDO DJJUHIJDWLRQ PRGXOHY DUH H[DPLQHG XSR(
JHQHUDWHG IURP SDQRUDPDYV 7KHZKROHSLSHOLQHLQF
DJJUHIJDWLRQPRGXOHVLVDQDO\|JHGRQILYHXQVHHQ ., 77,V

JLIXUH([DPSOHV RI WKH WZ2R GORWOWHKWRGMWREBHOHQ B UDWH
UDQGRP VXEIRRDWRY



([SHULPHQWV

JLIXUH7KH SURSRVHG OLJKWLQJ HVWLPDWLERDRIGDAHRIUN 7KFE
LQGLFDWH WKH QXPEHU RIILOWHUYV WKHILOWHU VL]H DQG YV
%RWWOH@HALEWRWFRNE BXPEWHRN WKHFDUGLQBRWWOBQG W
QHFN BORPYSOHPHQWHG IROORZLQJ ® KH MBI FRAUXDJ FHRSQUYRRSORA
EORFN DWW H Q@ IDRMWPIRFFKHIHDW WKH HQG RIHDFK EORFEN

(QG WR (QG $SSURDFK
'DWDVHWYV

‘H FKRRVH WZR GDWDVHW YV | RUHY® 6XIMN RAY , LVD SRSXODU
GDWDVHW IRUDXWRQRPRXV GULYLQJ ,W FRQVLVWYV RI PXOV
LPDJHVDQG KDVDGGLWLRQDO DQQRWDWLRQV IRUGHWHUPLQ
7KLV PDNHV LW DQ LGHDO FDQGLGDWH WR WHVW RXU PHWKRZC
H[SHULPHQWYV ZH FWHUDL A YBO WHRRP SRVHG R GULYLQ.
7KLV UHVXOWV LQ DQG LP D JH VV B HV/EGLF WHYHI@W 1 F
IURP WHHXHOFHYH WR WKH QHWZRUN VETQFE) B QBARODWH I
VHOHFWLQJHLJKW | UDFFHEMHULLROR WK WOUFCH. QLQJ DQG LQIHUHQ|

DQG VHTXHQWHWWD LROUWBIOHWH WWYVSHFWLYHRU WKH 7DEO
VDPSOLQJLQ WKH VSDWLDO GRPDLQ IRXU VXELPDJHV DUH U
LPDJH ZKLOH DOORZLQJ RYHUODSSLQJ 2XU SLSHOLQH HVWL
WKLV VSDWLR WHPSRUDO VHTXHQFH Rl LPDJHV 6LQFH .,77
IDORQGH ODWWKHZV OLJKWLQJPRGHO SDUDPHWHUV ZHRPLW
Lowam 7KHUHIRUH WKH ORVNXQEWLRQ EHFRPHV

7KH 681 GDWDVHW LV DQRWKHU FRPPRQ GDWDVHW FRQVL
PDWLRQ PHWKRGVY EHFDXVH LW SURYLGHV GLYHUVH HQYLUI
WKH SDUDPHWHUV RI WKH /DORQG K 0 BWWHKWZ® SUBKWRRY PR



([SHULPHQWV

/TUDLQLQJ 9DOLGDWLR THVW
'‘DWD V- QLQ Q

6HTXHQFHYV ,PDJHV O6HTXHQFHV ,PDJHV G6HTXF

681

L7

7TDEOH1XPEHU RIGDWD LQ RXU GDWDVHWYV

XVHG LW LQ LWV RULJLQDO SDQRUDPD IRUP RUDV VXELPDJ!
LPDJH@®>:H IROORZHG WKH ODWWHU DSSURDFK ZKLFK KDV L
ZRUN@>ZKHUH ZH H[DPLQHG WKH SHUIRUPDQFH LPSURYHPHC
WLRQ
,Q WKLV SDSHU ZH SURSRVHWR EXLOG DQ DUWLILFLDOLP
ZHFDQH[DPLQHDQG FRPSDUHRXU PHWKRGfV SHUIRUPDQF¢
ZHVLPXODWHDFDPHUD PRWLRQ ZLWKRXW WUDQVODWLRQE
LPDJHV ZLWKDIL[HGILHOGRIYLHZDQGUDQGRPL]JHGFDPHU!
ZHFDQ SHUIRUP WKH VSDWLR WHPSRUDO DJJUHJDWLRQ RQ
DVRQ.,77, :HVWDUW ZLWK GLYLGLQJ SDQRUDPD LPDJF
DQG WHVW VHWYV ZLWK D UDWLR )URP HDFK SDQRUDPD
ZLWK UDQGRP\DZDQJOHVLVJHQHUDWHG ZKLOHDOORZLQJ
IURP ERWK GDWDVHWYV DV VLPLODU DV SRVVLEOH 7KHUHIR
ILHOGRIYLHZVDQG VHW WKH QXPEHUV RIUDQGRP IUDPHV D
6LQFH WKHUH DUH IUDPHV IRU HDFK SD Q ROD@IDI | HDUHHITVX H
FRPELQDWLRQV UHVXOWLQJLQJUHDW GLYHUVLW\ 1RWH W
RQ WKH FDPHUD HOHYDWLRQ ZLW& WH®& S AK W JWHR WK B WIR G IL]A
DUH UH\2AHG70RR PDWFK WKH VL]H RI WKH .,77, LPDJHV ,Q W
DQG LPDJHV IURP DQG SDQRUDPE
YDOLGDWLRQ DQG WHVW VHWV UHVSHFWLYHO\ 7KH H[DF
SUHVHQWHG IDIQ@®@BAAMWOXVWUDWHY H[DPSOHV IURP WKH WZ

,PSOHPHQWDWLRQ '"HWDLOV

$VLOOXVWUDWHKGE IOQ JKIWLQIJHVWLPDWLRQ PRGHO FRQVLVYV
DWUDQVIRUPHU QHWZRUN IROORZHG E\GHQVH OD\HUV FR(

WR WKHHVWLPDWHV IRUWKH 'VXQGLUHFWLRQDQG RWK
WR 681 , W DFFHSWYV 5*R4 PRYUAVRISHGHIURP |IUDPHV
RXWSXWV WKHOLJKWLQJHVWLPDWH WKURXJK WKHDOLJQP
FRUH VWUXFWXUH RI WK& Q0 ¢OIRNIKDW I GRHPVHUPLQH WKH



SHVXOWYV

QXPEHU RI KHDGV KLGGHQ VL]H DQG 0/3 VL]H DV DQG
H[WHQVLYH H[SHULPHQWY 7KH GURSRXW UDWH ZDV
‘H WUDLQ RXUPRGHO DQG WHVW LWV SHUIRUPDQFH RQ WKH
UDWHO\ VHH 7OQBGWDLO ZHHPSLULFDOO\WUDLQHG RXU OLJ}
DQG HSRFKVIRUWKH®G681 DQG., 77, GDWDVHWYV XVLQJ }
LQJ ZDV LQLWLDWHG ZLWK WK XK\$.GDIPD R §\BU R0 RO WK IR |

EDWFKVL]HZDV ,WWRRN DQG KRXUVRQDVLQJOH 1YL:

RQDVLQJOHVHTXHQFHRI LPDJHVWDNHV PV 2XUVSDWLR

HIDPLQHG RQ XQREVHUYHG 681 VHTXHQFHVDQG .,77,\
SHVXOWYV

JRXU 6WDJH $SSURDFK
6XQ 'LUHFWLRQ

‘HHYDOXDWH WKHDQJXODU HUURUV RI WKH VSDWLDOO\ DJJL
681 WHVW VHW $WILUVW VLQJOHLPDJHOLJKWL@®JHVWLPL
> @ @ DQG RXU PHWKRG 7KHQ ZH FRPSHQVDWH WKH FDPHL
wLDO DJJUHIJDWLRQ VWHS RQ WKH VXELPDJHV WR DFTXLUH W
SDQRUDPD 7KHH[SOLFLW VSDWLDO DJJUHJDWLRQ VWHS LQY
WKHFRQWDPLOQDWLRQ UDWLRDQG WKHPHDQ VKLIWNHUQHO
LOQOVHQVLWLYH WR GLITHUHQW GDWD VHWV DQG NHRW WKH VDP
WDPLQDWLRQABEWMED XVH ZH DVVXPH WKH HVWLPDWLRQV ZLW
WKDQ D Q2RF WIDWORXKWOLHUV Z30LRH WKHRBOIWDVIVRU RXU PHWKR!
REVHUYLQJ PMID UHVXOW ZHDSSO\WKHe HRWKQWL DO 1RO\
DPRQJWKH WRWDO REVHUYDWLRQV

)L LOOXVWUDWHYV WKH FXPXODWLYHDQJXODU HUURUV RI
RXVPHWKRGY ZHUH WUDLQHG ZLWK RQO\ WKH 681 WUDLQLC
WKHLU QHWZRUNYV UHTXLULQJJURXQG WUXWK H[SRVXUHDQG
LQ WKH ., 77, GDWDVHW ZH DOVR UHSRUW RXU PHWKRGY{V SHI
RQ 681 ¥xuv 681LQ )L 2XUPHWKRG SHUIRUPV EHWWHU WK
WHFKQLTXHV HYHQ ZLWK WKH VDPH WUDLQLQJ VHW 7KH GHW
VHQWHG LQIRWH WKDWDOO PHWKRGV DUH WUDLQHG DQG WH
IXOO LPDJHV

JRUWKH ., 77, GDWDVHW ZHFDQ IXUWKHUH[WHQG WKH OLJK
PDLQ $OWKRXIJKWKHGDWDVHWSURYLGHV WKHJURXQG WUXW
WRJIJHQHUDOL]J]HRXUDSSURDFK 7KHPHDQDQJXODU HUURU RI
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JLIXUH7KH SURSRVHG OLJKWLQJHVWLPDWLRQPRGHO 7KHI
DUH HIWUDFWHG WKURXQKIWKRBLMVIHHWHQHUDWH RULHQWD
WLRQDOHQFRGLQJVIURPWKHJLYHQ 'FDPHUWMDW KGIF\DWMPE
HPEHGGLQJV 2XUWUDQVIRUPHUQHWZRUN WKHQDJJUHJDW
WLPDWHGVXQGLUHFWLRQDQGOLIJKWLQJSDUDPHWHUV RIYV
OD\HU LV RPLWWHG IRUWKH ., 77, GDWDVHW
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JLIXUH7KH FXPXODWLYH DQJXODU HUURU IRU VSDWLDOO\ DJJ
RQ WKH 681 WKVW $WBWQGLFDWHY RXU UHVXOWYV ZKHQ WKH
WUDLQHG ZLWK WKH 681 GDWDVHW

6HTXHQFH 6LQJOH 6SDWLDO 6SDWLRWHPSRUDO
D

E
F
G

7TDEOH$QJXODU HUURUV RIHDFK DJJUHJDWLRQ VWHS IURP OF
OLQH VSDWLDODJJUHJDWLRQ VSDWLR WHPSRUDO DJJUHJD

WKH GHIDXOW SIDU RFYHHW MWUIKWHZIDY H WHVW VHTXHQFHYVY H SORW
HVWLPDWHYVY RIHDFK VWHS LQ RXU SLSHOLQH IRUIRMMH RXW RI
WKDWLQ WKHSORWV DOO SUHGLFWLRQVDUH UHJLVWHUHG W
PDWHG FDPHUD HIR PRWLRQ ,QGLYLGXDOHVWLPDWHYV RI WK
2XU vVSDWLDO DJJUHIJDWLRQ SURFHVV UHILQHV WKH QRLV\ RE
PHDQ VKLIW EODFNGRWYVY 7KRVHHVWLPDWHVIRUHDFKIUDP
LQWKHWHPSRUDODJJUHIJDWLRQ VWHS GHQRWHG ZLWK WKH
LQGLFDWHG E\WKHUHG GRW 8VLQJWKHVSDWLR WHPSRUDO |
ILYHWHVW VHT X668 FAHRVLEF K L WGHAS®X F b56R ORRIVLQJIJOH LPDJH
EDVHG HVWLPDWLRQ $TXDQWLWDWLYHHYDOXDWLRQ RI WK
VWHS LY SUHVHQWHG LQ 7TDEOH
2XUPRGHOTVVWDELOLWN\LYVEHWWHU XQGHUVWRRG ZLWK D
DV VKRZQLQ )LBRWH WKDW RWKHU OLJKWLQJ SDUDPHWHUV VX
PDQXDOO\GHWHUPLQHG :KHQ WKHOLJKWLQJFRQGLWLRQVD
RQ HDFK IUDPH WKH YLUWXDO REMHFWVY VKDGRZV DUH IOXF
UHVXOWYV 7KHDUWLIDFW LV OHVV YLVLEOH RQ RXUVSDWLDO
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WKHUHVXOWVY RIWZR DJJUHIJDWLRQ VWHSV (DFKJUDSK FR
(7, WHVW VHW 'HVSLWH QXPHURXV RXWOLHUV LQ WKH U
WZR VWHS DJJUHIJDWLRQ GHWHUPLQHVY WKH YLGHRYfV OLJK
JURXQG WUXWKVXQGLUHFWLRQ WKHEODFNGRWVIRUVSDYV
WHPSRUDO DJJUHJDWLRQ $QJXODUHUURUV IRURXUVSDW
E F DQG G GHJUHHYV

DIWHUDSSO\LQJWKHVSDWLR WHPSRUDOO\DJJUHJDWHG O

$EODWLRQ 6WXG\

7KHSHUIRUPDQFHJDLQ RIWKHVSDWLDODJJUHJDWLRQ SUR
GRZQ WKHLQGLYLGXDO ILOWHULQJ VWN &R R WKHHF6XR X OW W
DQJXODU HUURU IRUWKH UDZ REVHUYDWLRQV DQG FRPSDU
ZLWKIRXU GLITHUHQW DJJUHJDWLRQ VWUDWHILHV

F6LQIJMBAISURFHVVHG LQGLYLGXDO REVHUYDWLRQV
ftOHDQ PHH®Q RIDOO HVWLPDWHV IURP HDFK SDQRUDPD

FTOHDQLQEeHPQWILQOLHU HVWLPDWHYV
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JLIXUH '"HPRQVWUDWLRQ RI' D YLUWXDO DXJPHQWDWLRQ DS¢
VKDGRZ RI WKHDXJPHQWHG REMHFW GHFUHDVH DV WKH HVWL
$IWHUDSSO\LQJWKHVSDWLR WHPSRUDO ILOWHULQJ WKHUH
WLQJXLVKDEOHIURP WKHJURXQG WUXWK 30OHDVHDOVR UHIF
PHQWDU\PDWHULDO

FOHDQVRHDQ VKLIWUHVXOWRILQOLHU HVWLPDWHYV

JLIXUH OHIM{H FXPXODWLYH DQM@BOWUPRPBW HFIRWHKHKH 681
WHVWUWHKBWPSDULQJDYHUDJHDQJXODU HUURU IRU WKUHH P
DJJUHIJDWLRQ VWUDWHJILHYVY 2XUPHWKRGDFKLHYHG WKH EH\
WR WKHLQOLHUV ‘HRXWSHUIRUP SUHYLRXV PHWKRGV HYHQ .

$VLOOXVWUDWWEH® YIHHUDJH DQJXODU HUURU RI HDFK PHW
PRVW GHJUHHV DIWHUDSSO\LQJWKH SURSRVHG VSDWLDO LC
RXUPHWKRGIVIJHQHUDOLW\ VKRZLQJWKDWLWFDQLQFUHDYV
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JLIXUH 7KH FXPXODWLYHDQJXODU HUURU RQ WKH .,77, WH\
JUHIJDWLRQ VWUDWHILHYVY 7KH EHVW UHVXOW LV UHFRUGH
HVWLPDWHV LV XWLOL]JHG

PHWKRG 'HREVHUYHDVOLJKW LQ F UGHDD/GI MUK HF G K HUNDR M/
RXWOLHUREVHUYDWLRQV $VLPLODUDQDO\VLVLVGRQHIR
7TKH FXPXODWLYHDQJXODU HUURU JUDSKV IRUWKH IRXU VW

(QG WR (QG $SSURDFK
6XQ 'LUHFWLRQ

‘HHYDOXDWH WKHDQJXODU HUURUV RI WKH VSDWLR WHPSF
RQ WKH 681 WHVW VHTXHQFHV 6LQFH RWKHU VLQJOH LPCL
RGV > @ DUH QRW FDSDEOH RI FRQGXFWLQJ VSDWLR WHP
WKHHVWLPDWHV RYHU HDFK VHTXHQFH LV XWLOL]JHG 2Q W
WKHVSDWLR WHPSRUDO DJJUH@D WK R & \SSIHSUHSIOLWMHPSHWRFSWRW Y
RXU SUHYLRXV PHWKRGDUHGHWHUPLQHEG LQ WKH VDPH ZD\

)LJ LOOXVWUDWHY WKHFXPXODWLYHDQJXODU HUURUYV
RQ WKH 681 GDWDVHW ‘HSUHVHQW WKH RXWFRPHV RI WK
DORQJ ZLWK WKH UHVXOWYV RI WZR VSDWLR WHPSRUDO DJJ
DWWHQWLRQ PHWKRG VKRZV D QRWLFHDEOH PDUJLQ FRPSD

‘HDOVR SHUIRUPHG DVLPLODU FRPSDULVRQ RQ WKHV,77,
GDWDVHW KRZHYHU ZH FRPSDU® GXH WRWKKRHGRDFEO\ L WKR
LQIRUPDWLRQ VXFK DV H[SRVXUH DQG WXUELGLW\ ZKLFK D!
$OWKRXIK WKH GDWDVHW SURYLGHV WKHJURXQG WUXWK H.
ZH FDOFXODWH® WWR XNQQUDBOL]H RXUDSSURDFK 7KHPHDQ
WLPDWHG FDPHUD URWDWLRQ XVLI@ JRAKIHU GNHI B XIOYAH SADHU\DVR |
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JRUDIDLUFRPSDULVRQ DQJXODUHUURUV RIRWKHUPHWKRG
HVWLPDWHY PDGH RQ VLQJOHLPDJHV 7KH SURSRVHG PHWKR
QRWLFHDEOH PDUJLQ

JLIXUH 7KH FXPXODWLYH DQJXODU HUURU DQG WKH VWDWLYV
PHWKRG SHUIRUPV VO I@ BWIOQ E W RRHUGK RD Q Q RWLFHDEOH VF
JXODU HRUO42R U R

8VLQJ WKH SURSRVHG VSDWLR WHPSRUDO DWWHGBWLRQ PHWEK
WHVW VHTXHQ@BHVZKHFRUB PG UJL Q B:&20RE®WWHU WKDQ

‘H SORWWHG WKH LQGLYLGXDO VXQ GLUHFWLRQ HVWLPDWI
RXUPHWKRG@GWLOQPIGI>IRWH WKDW LQ WKH SORWV DOO SUHGLFW
FRPPRQ FRRUGLQDWH IUDPH XVLQJ WKHHVWLPDWHG FDPHUD
WKH VXELPDJHVY DUH VKRZQ ZLWK OLJKWHU FRORUZ®RWYV 7KF
SHUIRUPHG LQGLYLGXDOO\DQG UHVXOWHGLQLQGHSHQGHQYV
E\VWDWLVWLFDO SRVW SURFHVVLQJ 8QOLNHWKHP RXUHVW
WHQGWRFOXVWHUWLIJKWO\DURXQG WKHLUPHDQUHQGHULQ
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J)LIXUH 6FDWWHU SORWY UHSUHVHQWLQJ VXQ GLUHFWLRQ
DQG WKHVSDWLRWHPSRUDO DJJUHJDWLRQ UHVXOW (DFK S
IUDPHOMMWKH 681 WQ®MH ., 77, WHVWVHWYV 7KHVSDWLR W
SURSRVHIGILQGY WKH KLJKHVW SRLQW GHQVLW\ DPRQJ WKH
LQGHSHQGHQW VDPSOH 2Q WKHFRQWUDU\ LQGLYLGXDO H\
GXHWR WKHVSDWLR WHPSRUDO DWWHQWLRQ

TKHPHDQ VWDQGDUG GHYLDWLRQRIVXQGLUHFWLRQ HVW
FDSDELOLW\IRUFRKHUHQWRWGWILP DERRSD YVHE WR RWKHU P
ZHUHFRUGHG WR WLPHV ORZHU PHDQ VWDQGDUG GHYLD
VSDWLR WHPSRUDO DWWHQWLRQ IURP RXUWUDQVIRUPHU C
WR RXWSXWDVHWRISUHGLFWLRQV WKDW FDQ H[SODLQ WK
UDWKHU WKDQ SUHGLFWLQJ HDFK VXELPDJHYV OLJKWLQJ F
FKDUDFWHULVWLF VXSSRUWY RXU GHFLVLRQ WR DYHUDJH I
WKHVHTXHQFH

2WKHU /LJKWLQJ 3DUDPHWHUV

$V GHVFULEHG HDU OLMHQR VK UBPIRGHKHIPYBEDUDPHWHUYV DUF
PDWHG IRU WKH 681 GDWDVHW ‘HSUHVHQWWi¥H DRBW PH
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