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Abstract

Measurements of the space radiation environment in Low Earth Orbit (LEO) are critical for satellite
safety and operations. However, the inherent shielding of a spacecraft alters the incident radiation
field, complicating efforts to reconstruct the true external environment from measurements taken by
internal detectors. This thesis investigates the feasibility of developing shielding correction factors for
proton radiation measured by a Timepix3 (TPX3) detector.

The research was conducted using the Geant4 Monte Carlo toolkit to model the transport of protons
through a 5mm aluminium shield. This simulation framework was first validated against data from
ground-based proton accelerator experiments. Empirical models for correcting kinetic energy reduction
and particle transmission were then successfully derived from the simulation data.

The validation process confirmed the simulation’s accuracy for high-energy protons (>70 MeV) but
revealed a systematic overestimation of energy loss at lower energies (<40 MeV). The investigation
into applying the correction factors uncovered a more basic limitation: an inherent ambiguity exists
in the relationship between a proton’s deposited energy ( ) and its kinetic energy ( ), which
prevents a reliable, direct conversion from the detector’s measurements.

It is therefore concluded that while theoretical correction models can be formulated, their practical
application to shielded detector data is impractical due to the main challenge of reconstructing the
incident energy of detected particles.
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Introduction

Satellites operating in Low Earth Orbit (LEO) are constantly exposed to a harsh radiation environment.
[35] This radiation poses a significant risk to sensitive electronic components, leading to performance
degradation and potential mission failure. The large fraction of spacecraft anomalies due to radiation
can be seen in Figure 1.1.
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Figure 1.1: Distribution of spacecraft anomalies caused by the space environment. Radiation is the single largest contributor,
responsible for 45% of failures. Source: [14]

The space radiation environment is a complex field composed of particles from multiple sources,
including trapped particles in planetary magnetospheres, solar events, and galactic cosmic rays, as
illustrated in Figure 1.2. Understanding this external field is very important for mission design and
safety. However, a significant challenge arises from the fact that measurements are typically conducted
from within the spacecraft itself.

While shielding is used to protect these components, it also alters the energy and composition of the
radiation field, making it difficult to determine the true external environment from measurements taken
inside the spacecraft. The primary objective of this thesis is therefore to investigate the feasibility of
developing correction factors to account for these shielding effects, with a focus on the proton radiation
measured by the Timepix3 detector aboard OneWeb’s JoeySat.
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Figure 1.2: An overview of the primary sources of the space radiation environment. Source: [38]

heavy ions, and electrons

This thesis is structured as follows. Chapter 2 provides a theoretical background on the space radiation
environment and the fundamental principles of particle transport through matter. Chapter 3 details
the methods and tools used in this research, with a focus on the Geant4 Monte Carlo simulation
toolkit. Chapter 4 covers the validation of the simulation model against data from in-beam calibration
experiments. Chapter 5 presents the results of the primary simulation of space radiation in a LEO orbit
and analyses the shielding effects. Chapter 6 elaborates on the derivation of the shielding correction
factors and discusses their application to satellite data. Finally, Chapter 7 presents the overall conclusion
of this work and provides recommendations for future research.



Radiation Environments, Transport, and
Effects of Shielding

This chapter provides the theoretical background necessary to understand the central research problem
of this thesis. It begins by defining ionising radiation, its constituent particles, and the physical quantities
used to characterise a radiation field. The chapter then explores the fundamental principles of how
these particles interact with matter, which leads into a discussion of shielding techniques and their
effects. The concepts presented form the basis for interpreting the simulation methodologies and
results detailed in the following chapters. Additional background info can be found in Appendix C.

2.1. lonising Radiation, Types, and Components

Radiation is broadly defined as the emission and transfer of energy through space or matter, in the
form of energetic particles or electromagnetic waves.

There are many ways of classifying or describing the various particles and waves that fall under the
term radiation. One such way is to divide this according to mass (heavy or light) and charge (charged
or neutral). Using this method of classification, an overview can be made as seen in Figure 2.1.

Charged Particles Neutral Particles
Heavy Light Heavy Light
p B n )
D Electron X-ray
T B* v
(8

Heavy ions without electrons

Figure 2.1: Classification of Particles according to Kénya et al. (2012) [26]

From top to bottom and from left to right, the particles are protons, deuterium, tritium, alpha particles,
and heavy ions without electrons for the heavy charged particles. Negative beta particles, electrons,
and positive beta particles have a lower mass and are therefore in the light charged group. Neutrons
belong in the heavy neutral class and lastly, the -rays, X-rays, and the neutrinos. One should note
that -rays and X-rays are technically not particles but part of the electromagnetic spectrum and can
thus be seen as photons [26].

Focus will be on ionising radiation as these have the ability to remove electrons from atoms or molecules,
thereby ionising them. This is what causes damage to materials and biological tissue [12, 33]



2.2. Radiation Interaction with Matter

2.1.1. Characterising the Radiation Field
To describe and measure a radiation field, several physical quantities, or degrees of freedom, are used.
The most fundamental of these are the particle’s intensity, energy, and direction.

2.2,

Intensity (Flux and Fluence): In radiation physics, intensity is typically described by flux, defined
as the number of particles passing through a unit area per unit time (e.g., particles/cm /s). When
integrated over time, this gives the fluence. The flux is the primary determinant of the radiation
dose rate. In the context of shielding, the reduction in intensity is often described as a transmission
percentage, which is the ratio of the flux measured behind the shield to the incident flux.

Energy: This is a crucial parameter that is often distinguished in two ways: the kinetic energy of
a particle as it travels through space, and the deposited energy, which is the amount of energy
a particle loses as it passes through a material, such as a detector sensor. As will be discussed,
the relationship between these two energy types is a central challenge of this research.

Direction: This refers to the trajectory of a particle. While the radiation environment in LEO is
largely isotropic (arriving from all directions), a particle’s angle of incidence significantly impacts
its path length through shielding and the detector, which in turn affects the resulting measurement.

Radiation Interaction with Matter

Radiation interacts with matter in several ways, including interacting with orbital electrons, the nuclear
field, or the nucleus itself. During these interactions, radiation particles may transfer some or all of their
energy to the material, leading to various results such as absorption or scattering, which can be either
elastic or inelastic. These interactions may result in the excitation or ionisation of the material, or in
some cases, nuclear reactions or nuclear resonances may occur. The strength of these interactions can
vary, ranging from weak to strong depending on the specific conditions [26]. The various possibilities
of these interactions of radiation in matter is summarised in Figure 2.2.

Radiation + matter

! } } ! ! |

Change of Scattering  Absorption Excitation of Excitation Nuclear reactions
energy electrons of nucleus

Figure 2.2: Interaction of radiation with matter according to Kénya et al. (2012) [26]

In Figure 2.2, the left three branches relate to the effects on the radiation, while the right three branches
depict the changes induced in matter [26]. One should note that another branch can be added to the
changes on the matter, namely ionisation. Below, a small overview of all these effects will be given.

Change of Energy: the radiation particle loses energy as it interacts with the material, either
through inelastic collisions or other mechanisms.

Scattering: the incident particle changes direction after interacting with the material. This can
occur elastically (no energy loss) or inelastically (with energy transfer). In some cases, the particle
may produce secondary particles during the interaction.

Absorption: the radiation particle transfers all its energy to the material and ceases to exist as a
distinct particle. This process often involves the complete absorption of photons or particles like
neutrons.

Excitation: an electron in an atom absorbs part of the radiation’s energy and is elevated to a
higher energy shell. The electron later drops back to its ground state, releasing energy. Similarly,
the nucleus can be excited to a higher energy state and return to its ground state, typically emitting
gamma radiation.



2.3. Shielding Techniques and Effects

* Nuclear Reaction: when radiation interacts with the nucleus of an atom, it may alter the nucleus’s
structure or composition. This can result in processes like fission (splitting of the nucleus), fusion
(combining of nuclei), or the formation of a new isotope.

* lonisation: ionisation occurs when a radiation particle transfers enough energy to completely
remove an electron from an atom, leaving behind a positively charged ion.

2.3. Shielding Techniques and Effects

In conventional radiation protection, there are three ways of mitigating radiation: 1) increase distance
between subject and source; 2) minimise duration of exposure and 3) use shielding between subject
and source. In space, the first one is not possible due to the isotropic distribution of space radiation. The
second one is only in a limited extend possible, for example by optimising spacecraft trajectories when
crossing the radiation belts or reduce the cruise duration in deep space missions. Therefore, shielding
is the only option to attenuate the received doses by both spacecraft and astronauts. [39, 12]. In this
Section, active and passive shielding will be discussed and their effects on the radiation.

2.3.1. Active & Passive Shielding

This subsection covers two shielding types: active shielding which makes use of actively deflecting
the caharged particles, and passive shielding which focuses on stopping, absorbing or attenuating the
radiation by adding material between the source and target.

Active Shielding

In his 2001 paper, Townsend provides a foundational overview of active shielding methods to protect
spacecraft from space radiation [44]. His study covers four primary methods, each presenting their
own challenges, particularly in shielding against GCRs:

* Electrostatic Fields: Townsend determined that electrostatic shields, while capable of deflecting
charged particles, are impractical for GCR shielding due to the extreme voltages required, far
exceeding the technological limits of that time.

» Plasma Shielding: the plasma shielding concepts involve creating a controlled plasma around
the spacecraft using an electrostatic field to repel positively charged particles. Although it looked
promising for SEPs, the method faces big challenges for GCR shielding due to plasma instability
and high power requirements.

Confined Magnetic Fields: magnetic fields confined close to the spacecraft have shown some
success in SEP shielding but are ineffective against GCRs, with findings suggesting that passive
bulk shielding may vyield better results with similar mass requirements.

Unconfined Magnetic Fields: this approach, which involves extending a magnetic field beyond
the spacecraft, was primarily developed for space colonies and found to be potentially feasible
for SEP shielding. However, the prohibitive mass requirements and complexity make it difficult to
implement for GCR protection.

Although Townsend'’s review was written in 2001, little progress has been made in making these options
feasible, largely due to the technical and engineering challenges that remain for these methods [47, 30].
In general, these active shielding concepts remain largely theoretical, and significant advancements in
technology are required before practical implementation can be considered for future missions [43].

Passive Shielding

Passive shielding is currently the most practical and effective method to mitigate the effects of space
radiation, particularly for long-term missions in interplanetary space [11]. By placing physical materials
between the radiation source and the subject, passive shielding reduces the radiation dose through
mechanisms like absorption, scattering, and nuclear fragmentation [32]. Unlike other strategies, such
as active shielding, which remain technically and energetically challenging as discussed above, passive
shielding is well-established and deployable in current spacecraft designs. This section explores the
principles of passive shielding, evaluates promising materials, and discusses the challenges of fully
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mitigating radiation risks.

Passive shielding works by attenuating incoming radiation through interactions with the material. High-energy

particles, such as galactic cosmic rays (GCRs) and solar energetic particles (SEPs), lose energy
via electromagnetic interactions, scattering, or breaking into lighter nuclei and neutrons as discussed
earlier in this chapter [32]. For example, shielding materials like aluminium or polyethylene attenuate
radiation by reducing the energy and altering the fluence of particles passing through them [30]. A
visualisation of these interactions can be seen in Figure 2.3

Space radiation environment inside and outside spacecraft
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Figure 2.3: A schematic of the space radiation environment inside and outside a spacecraft, illustrating the transformation of
primary particles into a secondary radiation field by shielding. Source: [14]

In terrestrial applications, increasing material thickness generally increases shielding effectiveness.
However, in the space environment, the high-energy nature of GCRs complicates this relationship.
GCRinteractions with shielding can produce secondary particles, such as neutrons, which may increase
the effective dose [30]. This makes the choice of material crucial to balancing the attenuation of primary
particles while minimising secondary radiation, and at the same time, optimising the weight.

Both energy loss and changes in particle fluence are related to the number of atoms per unit mass,
which is proportional to Avogadro’s number divided by the atomic mass number (A) for each element
in the material. The energy loss by ionisation for a single element is proportional to Z/A, where Z is
the atomic number, as it determines the number of electrons per atom. However, the energy loss per
gram of material (mass stopping power) is inversely proportional to the material density ( ) [12].

In terms of nuclear interactions, the number of nuclear reactions per unit mass and per unit incident
fluence is proportional to /A, where is the nuclear reaction cross section. To a first approximation,
scaleswith 7/ , making the nuclear transmission proportionalto 1/ 7 . The ratio of electronic stopping
power to nuclear interaction transmission is therefore proportional to (Z/p) 7 [12]. This shows that
materials with low atomic mass are favoured.

Lightweight materials like hydrogen and carbon are particularly effective, as they have higher Z/A ratios
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compared to heavier materials. For instance, Z/A is 1 for hydrogen, 0.5 for carbon, 0.48 for aluminium,
0.46 for iron, and 0.40 for lead. Additionally, the ratio of ionisation energy loss to nuclear interactions
depends on the material density. For liquid hydrogen ( =0.07 / ), the ratio is approximately 14,
whereas for aluminium ( =2.7 / Yandlead( =11.3 / ), the ratios are only 0.5 and 0.2, respectively
[12].

Historically, shielding addressed only acute risks, with aluminium as the standard material during the
Apollo era [3]. Aluminium, still commonly used in spacecraft construction, provides structural support
but produces more secondary particles than hydrogen-rich materials [32]. Later, materials like polyethylene
(high hydrogen-content) were added, as seen in the ISS, where it reduces radiation doses by approximately
20% in crew sleeping quarters. Water is another promising material, with experimental setups on the
ISS showing up to 37% dose reduction using water-soaked towels [10, 30].

Research into advanced materials has identified several promising options for passive shielding.
Hydrogen-rich materials, such as polymers reinforced with nano-fillers, are particularly effective due to
their high stopping power and reduced secondary radiation production [13]. For instance, polyethylene
composites enhanced with carbon nanotubes offer both lightweight properties and efficient shielding
[13].

Liquid hydrogen, while highly effective in reducing radiation due to its high energy loss to nuclear
interaction ratio, poses challenges in storage and handling [39]. Other materials like water, serve as a
versatile shielding material, providing both radiation protection and a potential resource for life support
systems in long-term missions [30].

While passive shielding remains the best option for current space missions, it is not without limitations.
Shielding is only partially effective against high-energy GCRs, whose long ranges make complete
attenuation infeasible. Increasing shield thickness may worsen secondary radiation production, requiring
careful material selection to balance protection and weight constraints [30].

Additionally, current knowledge of the stochastic effects of heavy ions in GCRs is insufficient to provide
precise risk estimates for long-term missions, underscoring the need for further research into shielding
materials and their interactions with high-energy particles, but also for a detailed composition of the
radiation fields [39, 12].

2.4. Chapter Summary and Thesis Focus

This chapter has reviewed the principles of the space radiation environment, the nature of particle
interactions with matter, and the role of shielding in mitigating radiation effects. It has established
that while various strategies exist, passive shielding with common structural materials like aluminium
remains the standard for most spacecraft.

With this theoretical background in place, the remainder of this thesis will focus specifically on modelling
the effects of a passive aluminium shield on the LEO proton environment. The specific simulation tools
and methodologies developed to conduct this investigation are detailed in the following chapter.



Methods & Tools

This chapter outlines the methodological framework and tools used to analyse the effect of shielding
in the context of the space radiation environment in LEO. In Section 3.1, an overview of the research
methodology is given. Afterwards, the experimental data acquisition is discussed in Section 3.2. This
then ties into the simulation framework which was set up for this research which is elaborated upon
in Section 3.3. Lastly, in Section 3.4, an explanation is given how the data and simulation outputs are
processed and which other tools are used in this research.

3.1. Overview of Research Methodology

This study follows a simulation-driven methodology supported by experimental validation and in-orbit
satellite data. The research approach began with a literature review to gain a deep understanding
of radiation transport through matter and radiation shielding in space environments. Monte Carlo
simulations were designed and implemented using Geant4, first to replicate on-Earth mono-energetic
beam experiments for validation purposes, and later to model the isotropic space radiation environment.
Important steps included the analysis of particle intensity, energy spectra, and secondary particle
generation behind shielding which formed the basis for making the correction factors in this thesis.
A big challenge, however, is that these correction factors are dependent on a particle’s incident kinetic
energy. The Timepix3 detector does not measure this value directly. Instead, it measures the deposited
energy left by a particle as it passes through the sensor. Therefore, to apply any correction factor to the
detector’'s measurements, a method to first reconstruct the kinetic energy from the measured deposited
energy is required. To investigate this step, a backwards propagation model based on the Bethe-Bloch
equation was developed and tested on simulated data.

3.2. Experimental Data, Radiation Measurements

In this section, the data acquisition from the Timepix3 detector is discussed. First, in Section 3.2.1, a
description of the detector itself will be given. Afterwards, the ground-based experiments are desribed
in Section 3.2.2. In Section 3.2.3, a short overview is given of the data collection by the TPX3 detector
on board OneWeb’s JoeySat.

3.2.1. Timepix3 Detector

The Timepix3 detector is a compact, low-power imaging and particle tracking device with a 256x256
pixel array (14 mmO14 mmsensitive area). In this case it uses a 500 ym thick silicon sensor material.
Other variations exist with various thicknesses of Silicon (Si) or Cadmium Telluride (CdTe). This detector
is capable of recording the position, energy, time of arrival, and track shape of individual ionising
particles, such as protons, electrons, and X-ray photons. From the track shape, additional parameters
like particle type, direction of flight, Linear Energy Transfer (LET), and charge can be determined. The
data can be read out instantly in pixel mode at up to 2.3 million hit pixels per second, or accumulated in
frame mode and read out at a maximum of 16 frames per second. When an ionising particle interacts
with the sensor, it generates an electric charge that is collected by an electric field and amplified in
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D SLIHO SUHDPSOLILHU IRUPLQJ D YROWDJH SXOVH 7KH DPSOLWXGH D(
SURSRUWLRQDO WR WKH HQHUJ\ GHSRVLWHG E\ WKH SDUWLFOH LQ WKDVW
YROWDJH SXOVHDPSOLWXGHLQD VSHFLILF SL[IHO J®HVY RYHUD SUHGHWH

*URXQG %DVHG ([SHULPHQWDO 6HWXSV

&\NORWURQ 5H] ([SHULPHQW

,Q ODUFK ZHOO GHILQHG PRQR HQHUJHWLF EHDP H[SHULPHQWYV ZHUH
IDFLOLW\WR FDOLEUDWHDQG WHVW WKH 73; GHWHFWRU 7KHH[SHULPHQ)
SURGXFLQJ SURWRQV ZLWHKIDQKIQ@EHDWPRKDG D FLUFXODU SURILOH ZLWK D
PD[LPXP ):+0 RIP 3RVLWLRQHG WZR PHWUHV GRZQVWUHDP Rl WKH JHQ
SDWK D 73; GHWHFWRU ZDV XVHG WR UHFRUG WKH UDGLDWLRQ %HWZHF
DOXPLQLXP SODWHV RI YDULRXV WKLFNQHVVHV ZHUH LQVHUWHG DW GLIIF
7KHVH SODWHV VHUYHG WR UHGXFH WKH SURWRQ HQHUJ\ EHIRUH UHDFK
H[SHULPHQWDO DUUDQJHPHHEWH YV SURYLGHG LQ

JLIXUH 9LVXDOLVDWLRQ RI & NORWURQ 5H] VHWXS IRUWKH H[SHULPHQW RQ

+LJK (QHUJ\3URWRQ .UDNRZ ([SHULPHQW +(S.UDNRZ

,Q -XQH DQRWKHU FDOLEUDWLRQ H[SHULPHQW ZDV SHUIRUPHG GXUL
H[SHULPHQW LQ .UDNRZ 7KLV H[SHULPHQW ZDV S D@ W/ RHDVEWRISGHD W MY H
DPRQRFKURPDWLF SURWRQ EHDPOHW KOHH@H WDH D H YOHHOU @G O H 9
GLUHFWHG DW D 73; GHWHFWRU SRVLWLRQHG WZR PHWUHV DZD\ ZLWK R
GHWHFWRU ZDV PRXQWHG DW YDULRXV DQJOHV UHODWLYH WR WKH EHDP C
WR f LQLQFUHPHQWVRI f ZLWKDIHZDGGLWLRQDO UXQVDW fDQG

,QSUDFWLFH WKHVHWXSIRUWKH+(S .UDNRZH[SHULPHQW ZDV LGHQWLF
WKDW QR DOXPLQLXP EHDP GHJUDGHUV ZHUH XVHG DV ZHOO DV KLJKHU S

,Q 2UELW 'DWD &ROOHFWLRQ -RH\6DW 73; 6DWHOOLWH 'L
7KH LQ RUELW GDWD IRU WKLV WKHVLY ZDV FROOHFWHG E\ D 7LPHSL[ GH
DWHFKQRORJ\GHPRQVWUDWLRQ VDWHOOLWH ODXQFKHG LQ 0D\ 'XUu
WKH VDWHOOLWH RSHUDWHG LQ D QHDU SRODU /RZ (DUWK 2UELW /(2 DW
7TKHLQWHUQDO 73; GHWHFWRU LV VLWXDWHG EHKLQG WKHVDWHOOLWHT
ZRUNDVDQ HTXLIF® RHDOXRILQLXP VKLHOGLQJ )RU WKLV VWXG\ GDWD zZD
ODUFK GXULQJ ZKLFKWKHGHWHFWRU FRQWLQXRXVO\PHDVXUHG WKH
FROOHFWHG GDWD SURYLGHYV KLIJIK UHVROXWLRQ PHDVXUHPHQWY RI SDU
W\SH ZKLFKIRUPV WKH EDVLVIRUWKHDQDO\VLY SUHVHQWHG LQ WKH OD
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IXPHULFDO FDOFXODWLRQV ORQWH &DUOR VLP.
7KLV VHFWLRQ GHVFULEHV WKH VLPXODWLRQ IUDPHZRUN ZKLFK ZDV XVHG

*HDQW WRRO 5DGLDWLRQ WUDQVSRUW 3K\WLFV PRGHO
*HDQW DQ REMHFW RULHQWHG & WRRONLW LV FKRVHQ IRU LWV IOH[L
WKURXJKPDWWHU ,WLVKLIJKO\FXVWRPLVDEOH DOORZLQJIRUFRPSOH[J
FUXFLDO IRU\RXU WKHVLV *HDQW ERDVWVY D ODUJH DFWLYH FRPPXQLW
ZKLFK HQVXUHV H[WHQVLYH VXSSRUW DQG YDOLGDWHG SK\VLFV PRGHO
DGYDQWDJH RYHU VRPH DOWHUQDWLYHV
*HDQW D ORQWH &DUOR EDVHG WRRONLW GHYHORSHG E\ &(51 LV FKRYV
UDGLDWLRQ ZLWK PDWWHU ,WDOORZHGIRUGHWDLOHG VSHFLILFDWLRQ |
*HDQW KDV D ODUJH DFWLYHFRPPXQLW\DQG KDV WKHKLJKHVW FLWDW LI
>@

&RPSDUHG WR )/8.$ ZKLFK LV ODUJHO\)RUWUDQ EDVHG *HDQW fV & GH)
DQG H[WHQVLELOLW\ IRU FXVWRP VHWXSV 7KLV ZDV D ORJLFDO FKRLFH .
'KLOH 3+,76 HIFHOV LQ KHDY\LRQ WUDQVSRUW *HDQW RIIHUV D EURDGHL
ZKLFK ZDV XVHIXO IRU WKLV WKHVLV{V IRFXV RQ SURWRQ HOHFWURQ

VSHFLDOLVHG IRUVSDFHDSSOLFDWLRQVDQG LQLWLDOO\UHFRPPHQGHG
GLUHFW RSWLRQV IRU GHILQLQJ JHRPHWU\ SK\VLFV OLVWV DQG RYHUDC
QH[W EHVW RSWLRQ GHVSLWH LQLWLDO LQVWDOODWLRQ GLIILFXOWLHYV
GRVH FDOFXODWLRQV ZDV QRW VHOHFWHG DV WKLV ZRUN IRFXVHV RQ D
GHSRVLWHG HQHUJ\ VHFRQGDU\ SDUWLFOH JHQHUDWLRQ DQG NLQHWLF
7KHIROORZLQJ SK\VLFV OLVWVY ZHUH XVHG LQ WKH VLPXODWLRQYV

t* (P6WDQGDUGS3K\VLFV

t* (P/LYHUPRUH3K\VLFV

t* +DGURQ3K\VLFV4*63B%,&B+3
F* IHXWURQ7UDFNLQJ&XW

t* 5DGLRDFWLYH'HFD\3K\VLFV

7KHVH ZHUH VHOHFWHG WR KDYH FRUUHFW PRGHOOLQJRIERWK HOHFWUR
JLYHUPRUH PRGHO ZDV QHFHVVDU\WR DFFRXQW IRUORZ HQHUJ\ SURFHVV
DUHUHOHYDQW IRUVHFRQGDU\SDUWLFOHJHQHUDWLRQ ,QDGGLWLRQ W
* JHXWURQ7UDFNLQJ&XW DQG* 5DGLRDFWLYH'HFD\3K\VLFV ZHUH LQFOX!
DQG SRVW VKLHOGLQJ SDUWLFOH EHKDYLRXU 4*63B%,&B+3 SURYLGHV D
DQG ORZ HQHUJ\ QHXWURQ WUDQVSRUW * 1HXWURQ7UDFNLQJ&XW LPSU
WKHUPDO QHXWURQV 7KH\FDQ WDNH D ORQJWLPH EHIRUH EHLQJ IXOO\D
WKHGHWHFWRU UHVSRQVH * 5DGLRDFWLYH'HFD\3K\VLFV ZDVLQFOXGHG
RIVHFRQGDU\ SDUWLFOH JHQHUDWLRQ GXHWR QXFOHDU GHFED\ SURFHVYV
IRXQG WR EHLQVXIILFLHQW LQ FDSWXULQJWKHVH HITHFWV SDUWLFXODU
7KHEWRS$QG .IX®FWLRQDOLW\ LQ *HDQW DOORZV IRU WKH H[SOLFLW WH.L
DW D VSHFLILF SRLQW LQ WKLV FDVH ZKHQ LW KLWV WKH GHWHFWRU 71
HQHUJ\DQG JHQHUDWLQJVHFRQGDULHV DIWHU WKDW SRLQW ,Q WKLV VW
LQLWLDOO\SURGXFHG PDQ\VHFRQGDU\SDUWLFOHV ZLWKLQ WKH GHWHFV
RXWSXWV ,PSOBMPRSIWGQAURSURYHG WKLY DJUHHPHQW PDNLQJ WKH VLP X
FRPSDUDEOH WR WKH H[SHULPHQWDO GDWD 7KLV IHDWXUH LV XVHIXO I
VSHFLILFLQWHUDFWLRQ SRLQWV >$GG JHDQW FLWDWLRQ®@

SDGLDWLRQ 'HWHFWLRQ 6HWXSV DQG *HRPHWULHYV
7TKHJHQHUDO VLPXODWLRQ IUDPHZRUN DQG SK\VLFV PRGHOV GHVFULEHC
JHRPHWULFDO FRQILIXUDWLRQV 6HWXS $ZDV GHVLJQHG WR UHSOLFDW|
IRUYHULILFDWLRQ DQG YDOLGDWLRQ SXUSRVHV 6HWXS % ZDV GHYHORS
RSHUDWLRQDO /RZ (DUWK 2UELW /(2 HQYLURQPHQW 7KHVHWZR VHWXSV\
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6HWXS $ $FFHOHUDWRU %HDP &DOLEUDWLRQ
TR DFFXUDWHO\UHSURGXFH WKHH[SHULPHQWDO FRQGLWLRQV RI WKH &\I
VLPXODWLRQ ZDV FUHDWHG WKDW FORVHO\ PDWFKHG WKH SK\VLFDO VH
ZRUOG PDWHULDO DLU UHSURGXFLQJ WKH JHRPHWU\ RI WKH VHWXS D
VKLHOGLQJ SODWHV ,QLWLDOO\ WKH *HDQW VLPXODWLRQV ZHUH SHU|
PP— PPLQVWHDBPR+ PP WRLQFUHDVHWKHQXPEHURIUHFRUGHG SDL
FRPSXWDWLRQDO WLPH +RZHYHU WKLV LOWURGXFHG GLIITHUHQW EHKELE
6SHFLILFDOO\ WKH ODUJHU DUHD DOORZHG IRU WKH LQFOXVLRQ RI PRUF
VSUHDGV ZKLFK GLG QRW UHIOHFW WKH H[SHULPHQWDO FRQGLWLRQV
UHUXQ XVLQJ WKHDFWXDO GHWHFWRU GLPHQVLRQV DFFHSWLQJ ORZHU"
FRPSDULVRQ ZLWK PHDVXUHG GDWD
JRUWKH YLVXDOLVDWLRQ RIWKHVLPXODWLRQ 2SHQ*/ZDV XVHG $VLGH
LVVKR2QIXUH 7KH ZKLWH UHFWD @PXOFPER[FP GHILQHVY WKH ZRUOG YRO:
ILOOHG BEWK3DUWLFOHY DUH JHRAHUBWWBW WMKMHKOHIW RI WKH VLPXODWLR
WUDYHO LQ WKHGLUHFWLRQ WRZDUGY WKH GHWHFWRU SODFHG RQ WKH UL
VKLHOGLQJDQG DLURQ SDUWLFOH EHKDYLRXU LV YLVLEOH LQ WKLV YLV>
VWUDLIJKWOLQH O6FDWWHULQJRFFXUV ERWKLQWKHDOXPLQLXP SODWH
HQHUJ\ORVV RIWHQ SUHYHQWLQJ SDUWLFOHV IURP UHDFKLQJ WKH GHW
7TKH WUDFN FRORXUV UHSUHVHQW WKH SDUWLFOH FKDUJH

F%0OXH SRVLWLYHO\FKDUJHG SDUWLFOHYV
F*UHHQ QHXWUDO SDUWLFOHYV
f5HG QHJDWLYHO\FKDUJHG SDUWLFOHV

JLIXUH *HDQW VLGH YLHZ YLVXDOLVDWLRQRIVLPXODWHG &\NORWURQ VH

JRU WKH +LJK (QHUJ\ 3URWRQ +(S .UDNRZ VLPXODWLRQ WKH VDPH *HD
&\NORWURQ FDVH 7KHRQO\QRWDEOHGLIIHUHQFH ZDV WKHDEVHQFHRID
VLPLODULW\ DVHSDUDWH YLVXDOLVDWLRQ ZLWKRXW DOXPLQLXP VKLHOC
QRW VKRZQ KHUH

7KLY VHWXS ZLOO EH UHIHUUHG WR DV 6HWXS $ LQ WKH UHVW RI WKLV UHS

6HWXS % /(2 6SDFH (QYLURQPHQW

7KH VLPXODWLRQ RI WKH VSDFH DSSOLFDWLRQ ZDV FUHDWHG XVLQJ D VL
VHWXS LQ *HDQW 7KH ZRUOG YROXPH LV D YDAXXPPILOOHGHIRPRIGGLPHC
LQ *HDQW DV H[WHQB MRPIURRWKHQ 8GLUHFWLRQV, PQWRRR® WK H
GLUHFWLRQ 7KLV PHDVQX¥ WKDWWDKHWKH H[DFW FHQWUH RI WKLV ZRUOG Y
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YROXPH PDWHUDDO EWLHSUHVHQWLQJ D YDFXXP

IHDUWKHFHQWUHRIWKHZRUOG YROXPH DVKLHOGLQJSODWHKLY SODFHC(
7KLY SODWH LV PDGH RPDOMAIN ZXWK WUDQVYHUNP-GLPRHQVLRQV R
'LUHFWO\EHKLQG WKHDOXPLQLXP VKLHOG DVLOLFRQGHWIRPWRULYV SRV
7KLV HIWWPH» LV WR DYRLG DQ\ SK\VLFDO RYHUODS RI VKDSHV LQ *HDQW L
VPDOOWRQRWKDYHDQ\HIIHFW 7KH G HWHRWRLY DWW BMBESNQMHW M BRD O
GLPHQVLR®YR4 PP PDWFKLQJWKH SK\VLFDO SURSHUWLHV RI WKH 7LPH?®

/IRRNLQLDXWH VRPHIHDWXUHY EHFRPH FOHDU
7TKHVLPXODWLRQ UHSUHVKIOPLW B RHYVRMDWRGERXUFH 7KLV VRXUFHFRQILJX
IRUPXOWLSOH UHDVRQV

¥ WSUHYHQWY SDUWLFOHV IURP UHDFKLQJ WKH GHWHFWRU IURP EHK
EHOLHYHG WKDW OLWWOH WR QR EDFNVFDWWHULQJLY SUHVHQW LQ W
JHRPHWU\DQG *HDQW FRGH

7KLV VHWXS DOORZV WKH XVHRIDIODW DOXPLQLXP VODELQVWHDG R
LVFROQYHQWLRQDO LQ PRVW VKLHOGLQJ VWXGLHYV

t WPRUHDFFXUDWHO\UHIOHFWV DFWXDO VSDFHFRQGLWLRQV FRPSDU
VSDFHDUULYHDW YDU\LQJDQJOHV 7KHVHDQJOHV VLIJQLILFDQWO\ L(
WKH GHWHFWRU DQG WKXV DITHFWLQJ WKHHQFRXQWHUHG HQHUJ\ VS

JLIXUH 9LVXDOLVDWLRQ RI WKH VHWKISPAIWSEK B Q@ LRMROWIRRSLFH VKRZLQJ JHQHUDWHG SU|
SDUWLFOHVDUHJHQHUDWHG LVRWF RYIGFIRGFAVHOWKRQMUNCGKWKH RHQWUH (PP 7KHIURQW
VKLHOGLQJLY SODFHG DW WKLV FH®W U-H» K H- | J°RR) B/H W/HHF RIRWKY SODFHG DW WKH EDFN RI'W

DW ¢ °PP &RORXUV UHSUHVHQW SDUWLFOH W\SH *UHHQ QHXWUDO %OXH SRVLWLYH(

,QWKLVFRQILJIXUDWLRQ SDUWLFOHVDUHJHQHUDWHGLVRWURSLFDOO\I
RI'P 7KLV VHWXS UHSUHVHQWYV DQ LVRWURSIVROR & WHI G HV WIUW K XDVOICR DI
GLUHFWHG WRZDUGV WKHFHQWUHDW FRRUGLQDWHYV ZKLFKFRUUH
$ PP WKLFNDOXPLQLXP VKLHOG ZLWK LWV IURQW IDFH LYV SODFHG DW WK
MXVWEHKLQGLWPDW7/KHDGGLWPRQERDPOVHW HQVXUHYVY WKDW WKHUHLV QR S
EHWZHHQ WKH VKLHOG DQG WKHGHWHFWRU LQ WKH *HDQW VLPXODWLRQ
2Q WKH ULJKW KDQESWHGHZRU SDUWLFOH WUDFNV DUH YLVLEOH 7KLV LV E
WKHGHWHFWRUDUH VWRSSHG DQG WK H&W REBMFNY/MROFHH WW UV D@ VW M 16 VA
6HFWLRQRU GHWDLOV

%DFNVFDWWHULQJLY FOHDUO\ YLVLEOHRQ WKHOHIWVLGHRIWKHILJXU]
GHIOHFWLQJEDFNZDUG DIWHU LQWHUDFWLQJ ZLWK WKH VKLHOGLQJ $Q\
VKLHOGLQJ UHSUHVHQW SDUWLFOHVY WKDW SHQHWUDWHG WKH VKLHOG E

7KLY VHWXS ZLOO EH UHIHUUHG WR DV 6HWXS % LQ WKHUHVW RI WKLV UH S
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$ VXLWH RI VRIWZDUH DQG DQDO\WLFDO WRROV ZDV XVHG WR SURFHVV L
HISHULPHQWV DQG VLPXODWLRQV 7KLVVHFWLRQ GHWDLOV WKH LQLWLD
KDQGOLQJRIVLPXODWLRQ RXWSXWV DQG WKHDSSOLFDWLRQ RIDQDO\WL

SBURFHVVLQJRI ([SHULPHQWDO 'DWD

7TKHUDZ GDWD FROOHFWHG IURP WKH 7LPHSL[ 73; GHWHFWRU ZDV SUH.
BURFHVVLQJ (QJLGQKLMBYRIWZDUH SHUIRUPV VHYHUDO WDVNVY OLNH WKH F
FDOLEUDWLRQ RI GHSRVLWHG HQHUJ\ YDOXHV DQG FODVVLILFDWLRQ RI
SDWWHUQV 7KH FODVVLILFDWLRQ XVHG LQ WKLV VWXG\ GLVWLQJXLVKH
+( HOHFWURQV DQG ORZ HQHUJ\ /( HOHFWURQV RU ; UD\V 3UHSURFH
DQG VSHFWUDO SORWV RI ZKLFK WKH PRVW LOWHUHVWLQJDUH WKH RQH
7TUDQVIHU /(7 ORVW RIWKHGDWD XVHG LQ WKLV VWXG\ZDV UHFHLYHG L
WKH .UDNRZ FDOLEUDWLRQ H[SHULPHQW WKH SUHSURFHVVLQJVWHSV ZH
WRRO

6LPXODWLRQ 2XWSXW 3URFHVVLQJ 5227 )UDPHZRUN
7TKHRXWSXWRIWKH*HDQW VLPXODWLRQV ZDV VDYHGLQ Y URRWMNILOHV
GDWDDQDO\WLVIUDPHZRUNGHYHORSHG DW &(51 5227 ZDV XVHG IRU FUHEL
GLVWULEXWLRQV DQG VFULSWLQJWKHDQDO\WLVLQDQDXWRPDWHG IRU
LQWKHGHWHFWRU WKHIROORZLQJ SDUDPHWHUYV ZHUH VDYHG

f'HSRVLWHG (QKHHQHUJ\GHSRVLWHG E\ WKH SDUWLFOH LQ WKH VHQVF
P LOHWLF (QMHKHWSDUWLFOHYV NLOQOHWLF HQHUJ\DW WKH PRPHQW RI GHW

/(7 7KH /LQHDU (QHUJ\ 7TUDQVIHU FDOFXODWHG IURP WKH HQHUJ\ GH
VLPXODWLRQ VWHS

f3DUHQWQ LQWHJHU LGHQWLILHU XVHG WR WUDFH WKH OLQHDJH RI VI
SULPDU\ VRXUFH

+t3DUWLFOHKHS®GDPH RI WKH SDUWLFOH HJ SURWRQ JDPPD H

$I(YHQMKH HYHQW QXPEHU XVHG WR JURXS DOO SDUWLFOHV RULJLQDW!|
HYHQW

fLV3ULPBPERROHDQ IODJ WUXH IDOVH WR TXLFNO\LGHQWLI\LID SDUW
fl; I< IFKH SRVLWLRQ FRRUGLQDWHV RI WKH SDUWLFOHLQWHUDFWLR

6LPSOLILFDWLRQV /LPLWDWLRQV RI WKH *HDQW 6LPXOL
6HYHUDO VLPSOLILFDWLRQV DQG OLPLWDWLRQV LQKHUHQW WR WKH *HD(
VKRXOG EHQRWHG 7KHVHFKRLFHVZHUHPDGHWRPDLQWDLQDPDQDJHDI
LQIOXHQFH WKHLQWHUSUHWDWLRQ RI WKHUHVXOWY DQG RIITHU GLUHFW 1
$ SULPDU\VLPSOLILFDWLRQLVWKHUHSUHVHQWDWPEPRQGRD W BID X B MWHXPL YV
VODE 7KH DFWXDO -RH\6DW JHRPHWU\ LV XQGRXEWHGO\ PRUH FRPSOH
H[SHULPHQWYV HYHQ VPDOO JHRPHWULF FKDQJHV FDQ OHDG WR VLJQLILFE
WKH VLPXODWLRQV ZHUH SHUIRUPHG XVLQJ PRQR HQHUJHWLF SDUWLFO
HDFKHQHUJ\OHYHO 7KHDFWXDO SURWRQ VSHFWUXPLQ/RZ (DUWKZ2UELYV
WRZDUGVORZHUHQHUJLHY $YDOXDEOHGLUHFWLRQIRUIXWXUHZRUN ZF
I[URP WKLV VWXG\ZLWKDUHDOLVWLF/(2SURWRQVSHFWUXPPRGHO VXFK
(l19LURQPHQW ,QIRUPDWLRQ 6\VWHP WR SURGXFHDPRUHDFFXUDWH SUH
7TKHUH DUHDOVR NH\ GLITHUHQFHV LQ KRZ WKH VLPXODWLRQ UHFRUGYV GD
GHWHFWRU ,Q *HDQW D "KLW LV UHFRUGHG IRUWKH H[DFW SL[HO D SDL
KRZHYHU UHFRQVWUXFWY D SDUWLFOH "WUDFN" I[URP D FOXVWHU RI DFV
SURFHVV ZDV FRQVLGHUHG RXWVLGH WKH VFRSHRI WKLV UHVHDUFK EXW

KWWSV ZLNL DGYDFDP F] LQGH[ SKS "3(
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YDOLGDWLRQ HIIRUWY 7KLV GLIITHUHQFH LV DOVR ZK\ WKLV ZRUN IRFXVH'
WKDQ IOX[ DVWKHFRQFHSWRIDFROOHFWLQJDUHD RYHU WLPHLV QRW C
7TKHFDOFXODWLRQRI/LQHDU (QHUJ\7UDQVIHU /(7 DOVR SUHVHQWYV D GL\
/(7LV FDOFXODWHG E\GLYLGLQJ WKH GHSRVLWHG HQHUJ\ E\ WKH SDUWLF
uMD6WHS I*HW6WHS/HQIJWK p 7KLV LVDSK\WLFDOO\DFFXUDWHGHILQLW
73; GHWHFWRUYfV SRVW SURFHVVLQJ LY EDVHG RQ D PRUH FRPSOH[ WUD
REVHUYHGLQWKHYDOLGDWLRQ FKDSWHU WKDW VLPSO\QRUPDOLVLQJ WK
-+ RIWHQSURYLGHGD EHWWHU WKRXJKRQO\IRUSHUSHQGLFXODU EH
GDWD 7KLV GLIIHUHQFHLQ /(7 FDOFXODWLRQLVDVLIQLILFDQW VRXUFHF
DQG PHDVXUHG UHVXOWYV
)LQDOO\ VHYHUDO DYHQXHV IRU HQKDQFLQJ WKH VLPXODWLRQYV ILGHO
7TKHFXUUHQW VLPXODWLRQ GRHV QRW PDNH XVH RI WKH SDUWLFOHTV DQJ
EHWWHU H[SODLQ GLVFUHSDQFLHV ZLWK WKH 73; GDWD $GGLWLRQDOO\
ZLWK D *DXVVLDQ HQHUJ\ GLVWULEXWLRQ RUWR VLPXODWHD PL[HG UDGL
DVLGHLQIDYRXURIDPRUHIXQGDPHQWDO DQDO\VLYVY XVLQJPRQR HQHUJI

$QDO\WLFDO 1XPHULFDO 7RROV
, QDGGLWLRQWR WKH SULPDU\VLPXODWLRQDQG GDWD SURFHVVLQJVRIW
GDWDEDVH ZHUH XVHG IRUHQHUJ\UHFRQVWUXFWLRQ DQG YDOLGDWLRQ

%DFNZDUGY 3URSDJDWLRQ ORGHO

$ EDFNZDUGY SURSDJDWLRQ PRGHO ZDV LPSOHPHQWHG LQ 3\WKRQ WR H
RI SDUWLFOHY SULRU WR WUDYHUVLQJ WKH VKLHOGLQJ 7KH PRGHO XVH
PHDVXUHG /(7 YDOXHLQ WKHVLOLFRQ GHWHFWRULQWRDQ HVWLPDWH RI
E\ VWHSSLQJ EDFNZDUGV IURP WKH GHWHFWRU SODQH WKURXJK OD\HUYV
HDFK VWDJH

65,0

7TKH 65,0 6WRSSLQJDQG5DQJHRI ,RQVLQODWWHU GDWDEDVH VHUYHG D
WKHEDFNZDUGY SURSDJDWLRQ PRGHO ,W SURYLGHV ZHOO HVWDEOLVKH
RI SURWRQV LQ PDWHULDOV OLNH DOXPLQLXP DQG VLOLFRQ DFWLQJ DV
SHUIRUPDQFH
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7KLV FKDSWHU YDOLGDWHV WKH*HDQW VLPXODWLRQIUDPHZRUNE\FRPS
JURXQG EDVHG DFFHOHUDWRU H[SHULPHQWY 7KH FRPSOHWH PHWKRGR
ERWK WKH &\ NORWURQ5H]DQG +(S .UDNRZH[SHULPHQWV DQG WKH FRUUH
$ LV GHVF WKEDHANVHY

7KH SULPDU\ REMHFWLYHV RI WKLV FKDSWHU DUH

f7R HYDOXDWH KRZ ZHOO WKH *HDQW VLPXODWLRQ UHSURGXFHV NLQ|
/[(7TIRUSURWRQVDFURVV GLITHUHQW HQHUJ\UHJLPHV

Ff7RLGHQWLI\ VA\VWHPDWLF RIIVHWYV RUGLVFUHSDQFLHY EHWZHHQ VLP:

f7RUHILQH WKH VLPXODWLRQ VHWXS DQG MXVWLI\PHWKRGRORJLFDO |
XQLW FKRLFHV

7TKHIROORZLQJVHFWLRQV SUHVHQW WKH UHVXOWY RI WKLV YDOLGDWLRC
IURP WKH &\NORWURQ 5H] FDPSDLJQ

9DOLGDWLRQ IRU/RZ (QHUOHSURWRQV

7TKLVVHFWLRQFRPSDUHVWKH*HDQW VLPXODWLRQDJDLQVWH[SHULPHQ\
WKH OH9EHDP IURP WKH &\NORWURQ 5H] HDSIMBHP R Q WRPQMBKWMKHH{ S .UDNRZ
H[SHULPHQW

$ FRPSDULVRQ EHWZHHQ WKH VLPXODWHGDQG WKHH[SHUIDIEHOHND O &\NOF
UHYHDOVDQDYHUDJH RIIVHOHBU @ KUHRA HPIYWHB®GE NLQHWLF HQHUJ\ DW WK
FDVHV WKHHQHUJ\GHWHFWHG LQ WKH &\NORWURQ 5H] HISHULPHQW LV
SODWH SODWH 7KLV VXJIJHVWYV WKDW OHVV HQHUJ\ LV DEVRUEHG LQ WK
PD\EH DWWULEXWHG WR GLIITHUHQFHV LQ WEKS$LSIDRBSHWMDLH B RG W/ KH \DLERA
ODERUDWRU\DLU HJ KXPLGLW\DQGDLU SUHVVXUH ZKLFKFDQ LQIOXH

7DEOH &RPSDULVRQ RINLQHWLF HQHUJ\RI SURWRQ 73; GDWD GXULQJ &\NORWURQ 5H] H[S|

(QHUJ\ DW3ODWH QXPEHAKLFMQHVYV| (QHUJ\ DW(QHUJ\ DW
JHQHUDWRU >0H9 @ $OXPLQLXP| GHWHFWRU| GHWHFWRU
SODWH >PP@ *HDQW >0HRAEANORWURRQ
>S0H9 @




9DOLGDWLRQ IRU +LJK (QHWHBURWRQYV

7KLV WUHQG LV DOVR YLVLEOH LQ WKH GDWD IURP WKOMHH6BRWIRMR/Z H[S
WKH VLPXODWLRQ RYHUHVWLPDWHY WKH GHSRVLWHG HQHUJ\ ZKLFK FRL
SURWRQYTVILQDO NLQHW L7DH Q HUQ CDEVOHKRKEIDVIQP XODWHG PHDQ GHSRVLW |
LV NHFRPSDUHG WR WKH PNHY&IUH®DUO\ WKH VLPX®BWMHBK D HV

WKH PHDVXUHG YRB¥P LMKLV VIVWHPDWLF RYHUHVWLPDWLRQ RI HQHUJ\ ¢
IRUORZ HQHUJ\ SURWRQV LV D NH\ILQGLQJRIWKLY YDOLGDWLRQ

7KLV VIVWHPDWLF RYHUHVWLPDWLRQ RIHQHUJ\ ORVV E\ WKH VLPXODWLR
ILQGLQJ RI WKLV YDOLGDWLRQ 7KH GLVFUHSDQF\ LV OLNHO\ URRWHG L
LQWHUDFWLRQV QHDU WKH %UDJJ SHDN ZKHUH HQHUJ\ ORVV LV KLJKO\ Q
SK\VLFV PRGHOV HPSOR\HG LQ *HDQW )XUWKHUPRUH XQFHUWDLQWLHYV
VSUHDG RUGHWHFWRU FKDUJH FROOHFWLRQ HIILFLHQF\FRXOG DOVR FR(

9DOLGDWLRQ IRU +LJK (QHUJOBAYRWRQYV

7TRHYDOXDWH WKH VLPXODWLRQYV DFFXUDF\DW KLJKHUHQHUJLHYVY WKLYV
DQG /(7 DIJDLQVW H[SHULPHQWDO GDWD IURP WKH +( S .UDNRHH[SHULPHC
OHO9DQG O0OH9

$VVHHLURUHWKHWUDFNV WKDW SURWRQV OHDYHRQWKH73; GHWHFWRU
ZDV XQGHpDRRJIOH WR WKH EHDP 7KH WUDFNV RI WKH SURWRQV DUH UHF
(VSHFLDOO\IRUWKH KLIKHHIDRQGHWHAHPLIXUHD DQBIXUHE WKH WUDFENV

DUH QDUURZ DQG VWHIBSLWIRKWRQPFUPRVW RI WKH UHPDLQLQJ SURWRQ HQHU
GHWHFWRUDQG WKHWUDFN OHDYHV D ZD\ELJJHU PDUNRQ WKH GHWHFW

JLIXUH '"HWHFWLRQ E\ 7LPYS%LP ZLAIKFRQ VHQVRU RI S AR WRQNKH 6 HOWHHFW RWVHQVRU SODQ

HQHUJLHAMAGBY9 E»:DH9 FA°OH9 G%WH9 HAOH9 2QO\D SDUW RI WKH GHWHFWRU SL[HO PDW U

IRUHDFK GDWDVHW [ SLIH@PWP [N $RPHOVY BP A ARIWKHGHWHFWRUYTY WRWDO VHQVL\
» ARP >7DNHQ |UR®@ >



9DOLGDWLRQ IRU +LJK (QHWHBURWRQYV

7KH bDJUHHPHQW EHWZHHQ VLPXODWLRQ DQG H[SHULPHQW DW WKHVH Kl
OH9SURWRQV VKRXQHERWK WKH PHDQ GHSRVLWHG HQHUJ\ DQG WKH |
RQONHI9LQGLFDWLQJ H[FHOOHQW DOLJQPHQW 7KHJHQHUDO VKDSH RI WK

D E

JLIXUH &RPSDULVRQ RI GHSRVLWHG HQHUJ\ IURP *HDQW VLPXODWLRQ DG H[SHULPHQW

'"HSRVLWHG HQHUJ\RI DOO GHWHFWHG SDUWLFOHW BWSHWW RWERIBIBR Q JHIIEW DVALRX O DMWH.R Q

YP RIDLU QR VKLHOGLQIHBPWWRS B 'MBERVLWHG HQHUJ\ RI SURWRQV DW 73; GHWHFWRU IRU
H[SHULPHQW »¢OHI9SURWRQ@V DW

7TDEOHDQEDEOHSURYLGHD EURDGHU FRPASDUOMBOQ GWH9 WKHDJUHHPHQW

LQERWKPHDQDQGPRGDOGHSRVLWHG HEBARDIYHEWWQRRD UIMIWVWEK /BB O\ ZH !
,Q FRQWUDVW WR WKHORZ HQHUJ\FDVH WKHVLPXODWLRQ GRHV QRW VK
LWSHUIRUPV PRUH UHOLDEO\LQ WKLV UHJLPH

7DEOH &RPSDULVRQ RIGHSRVLWHG HQHUJ\IRU KLJK HQHUJ\ SURWRQV IURP +(S .UDNRZ HJ[

(QHUJ\ DWOHDQ (GHG®GRGH ELQOHDQ (GH®RGH ELQ [3;
JHQHUDWRU >¢HHDQ@V >NHSWDQW >NHI®, >NHO9@ >NH9@

TRHYDOXDWHHQHUJ\GHSRVLWLRQPRUHPHDQLQJIXOO\ WKH/LQHDU (QHL
$ FRQVLVWHQW PHWKRGRORJ\ZDV VRXJKW IRU FRPSDULQJ /(7 EHWZHHQ W
KLOH WKH 7LPHSL] GHWHFWRUfVY SRVW SURFHVVLQJ DOJRULWKP IRU /(7
UHFRQVWUXFWLRQ LW ZDV REVHUYHG WKDW D VLPSOLILHG DSSURDEFK 1
GHSRVLWHG HQHUJ\ E\WKH VHOV RIYR BXXAHG QHVXOWY WKDW DOLJQHG P|
WKHILQDO H[SHULPHQWDO GDWD 7KLV QRUPDOLVHG/(7ZDVIRXQG WREH
DFFXUDWH /(7 FDOFXODWHG IURP LQGLYLGXDO SDUWLFOH VWHS OHQJWK
VHFRQGDU\SDUWLFOHV ZLWK VKRUW WUDFNV 7KHUHIRUH IRUWKH SXUS|
[(7LVXVHG IRUWKHDQDO\WVLV RISHUSHQGLFXODU EHDP H[SHULPHQWYV ,\
DSSURDFKLY OHVV UHOLDEOHIRUGDWD LQYROYLQJDQJOHG SDUWLFOH V

7DEOH &RPSDULVRQRI /(7 FDOFXODWLRQ IRU KLJK HQHUJ\ SURWRQV IURP +(S .UDNRZ HI[S

(QHUJ\DW JHQHUDWRWHBD@HI @ /(7 *HDIQWADQ /(7 73NHSP @
QRUPDOINHIP @




&KDSWHU &RQFOXVLRQ

&KDSWHU &RQFOXVLRQ

7KH YDOLGDWLRQ SURFHVV GHWDLOHG LQ WKLV FKDSWHU FRQILUPV WKD
HITHFWLYH WRRO IRU WKH SULPDU\ JRDOV RI WKLY UHVHDUFK 7KH VLPXO
ZLWK H[SHULPHQWDO GDWD SDUWLFXODUO\IRUKLJK HQHUJ\SURWRQV Z
HQYLURQPHQW EHLQJ VWXGLHG

:KLOH VRPH V\VWHPDWLF GLVFUHSDQFLHV ZHUH QRWHG DW ORZHU HQHU.
DV D UHDVRQ IRUFDXWLRQ ZKHQ LQWHUSUHWLQJ ORZ HQHUJ\ UHVXOWYV
FRQVLGHUHG WR EH ZLWKLQ DFFHSWDEOH OLPLWV IRUWKH SULPDU\ DQDC
7KHUHIRUH ZLWKWKHPRGHOYTV SHUIRUPDQFHDQG OLPLWDWLRQV XQGHU
FRQILGHQFH WR SURFHHG ZLWK WKH PDLQ VLPXODWLRQ DQG DQDO\VLV LC



0& 6LPXODWLRQ RI'VSDFH UDC
RUELW

7KLY FKDSWHU GLVFXVVHVY WKH ORQWH &DUOR VLPXODWLRQV SHUIRUPHC
SURWRQV HOHFWURQV DQG SKEMARDLMR QOVK M VFIWPS RO WKLYV VLPXODWL
GHVFULEHG WR UHFUHDWH WKH VKLHOGLQJ RI 2QH:HEfV -RH\6DW $IWH]
WKH VKLHOGLQJ LQ WHUPV RI LQWHQVLW\ NLQHWLF HQHUJ\ VSHFWUXP
JHQHUDWLRQ ZLOO EH SHUIRUPHG 7KLV ZLOO VHUYH DV DIRXQGDWLRQ |
-RH\6DW

6SDFH (QYLURQPHQW 6LPXODWLRQ

,Q WKLV VHFWLRQ WKHVHWXS RI WKHORQWH &DUOR VLPXODWLRQ IRU WK
6RPHOLPLWY RI WKHVLPXODWLRQ ZLOO EHGLVFXVVHG DV ZHOO LQ WKH C

6HWXS
TKHDQDO\WWLVRIWKHGHWHFWRUYVUHVSRQVHLQDVSDFHHQYLURQPHQW
7TKHVLPXODWLRQ ZDVWHRXKIX¥KABEKEREHOV WKHVDWHOOLWHIV GHWHFWRU
WR DQ LVRWURSLF UDGLDWLRQ ILHOG VLPLODU WR /(2 7KH FRPSOHWH GF
OLVWYV JHRPHWU\ DQGWKHLVRWURSLBENRWURRIPWRKWHEBUVSIGHMEBUBERG H
GHWDLOHBUKW 7KHUHVXOWV IURP WKLV VLPXODWLRQ DUH SUHVHQWHG L

$QDO\VLYV

7KLV VHFWLRQ HODER U D WHVDROX /IKGHLEXIR WKW HROGLQJ RQ WKH VSDFH SDUW
ZLOO EH GLVFXVVHG LQ WHUPV RI LQWHQVLW\ NLQHWLF HQHUJ\DQG /(7
JHQHUDWLRQ )LUVW WKHSURWREHNAZLOHEH GOMBXVVYHG IROH9
OH9DQG OH9 $IWHUZDUGV WKH HIITHFW IRU HOHBWYWYR@QWZLWK HQHL
OH9 OH9DQG OH9ZLOO EH ORRNHG DW /DVWO\ WKH SKRWRQV ZLOO EF
NH9 NH9 NH9 NH®QG NH9

SURWRQV
$UDQJHRISURWRQHQHUOHMNVE® WHENEAIY FKRVHQ IRUWKHVLPXODWLRQ ,\
WKDW WKHIUDFWLRQ RI SURWRQV ZLWK NLQHYOL B HROHWILW K 2UEQW L/F D QW
VPDOO SDUWLFXODUO\LQ WKHWUDSSHG UDGLDWLRQ HQYLURQPHQW $C

OH9DQG OH9SURWRQV ZDV VPDOO HQRXJK WKDW VLPLODU EHKDYLRXU
HQHUJ\ SURWRQYV

,Q’/DEOH LQIRUPDWLRQ DERXW WKH WRWDO WUDQVPLVVLRQ FDQ EH IRXQGC
SURWRQVDWGLITHUHQW HQHUJLHYU RMWFRKQMK @ VWO H Y HIGIZIHWK RUUHVSRQ
FROXPQLQ WKH WDEOH 7KH VHFRQG FROXPQ VKRZV WKH WRWDO DPRXQV



$QDO\VLV

ZKHQ WKHUH LV QR VKLHOGLQJ 'XH WR WKH VHWXS DV GHVFULEHG EHIR!
ZKHQ WKH VKLHOGLQJ LV UHPRF RGI GEXW BHRWZKIHQ WKH GHWHFWRU DQG W
VSKHULFDO VRXUFH 7KLV LV LPSRUWDQW WR QRW FRPSDUH WKH WUDQV|
SURWRQV EXW ZLWK WKH DFWXDO SDUWLFOHYVY KLWWLQJ WKH GHWHFWRU
RI GHWHFWHG SDUWLFOHV BR RIKHOXPWE EXWRRVKRLIMOH3LQJ 7KH IRXUWK FR
VDPH EXW RQO\IRUWKH PHDVXUHG SURWRQV ERWK SULPDULHV DQG VHF
WKHWRWDO DQG WKH SURWRQ WUDQVPLVVLRQ SHUFHQWDJH UHVSHFWL
SDUWLFOHV ZLWKRXW VKLHOGLQJDV VHHQ LQ FROXPQ WZR

7DEOH 7TRWDO WUDQVPLVVLRQ RI QXPBURWRQVHNBRQWVMURPODWLRQ PHDVXUHG DW GHWH
$OXPLQLXP 6HWXEFWLRAH

(QHUJ\ SDUWLFOHY¥DD®OFOH¥Y¥UR®ABQV 7TRWDO SURWRQ
#IJHQHUDWRQY GHWHEQYRWBHWHFSNRP®PDU\| WUDQVPLVWURQVPLVVLRQ
ZLWKRXW ZLWK PP|{$CHFRQGD|U\
VKLHOGLQVKLHOGLQUIQ GHWHFWRU
ZLWK PP[$0O
VKLHOGLQJ

OHO9
OHO9
OH9
OHO9
OHO9
OHO9
OH9

/IRRNLQJDEWH D FOHDU WUHQG FDQ EH VHHQ DV WKH LQLWLDO SURWRQ
SURWRQ VSHFLILFDQG WKH WRWDO SDUWLFOH WUDQVPLUNQ@RVKHQFUHDYV
VKLHOG LV KLIKO\HITHFWLYH VWRSSLQJYLUWXDOO\DOM®MBEBDLRBU\ SURW
DERYH WKHVKLHOG EHFRPHV DOPRVW WUDQVSDUHQW WR SUBWRQV ZLW
LOWHUHVWLQJ SKHQRPHQRQRFFXUVDWWKHVHKLIKHUHQHUJLHY ZKHUF

SHDNLQJDWIRU OH9SURWRQV DQG SRVVLEO\LQFUHDVLQJIRU KLJK
7TKLVLQGLFDWHY WKDW WKH VKLHOGLQJDUUDQJHPHQW LV JHQHUDWLQJ |
RI'SULPDU\ SURWRQV LW VWRSV

7TKLVHQHUJ\ GHSHQGHQW EHKDYLRXU LV FDXVHG E\WKH QDWXUH RISURW
SURWRQV KDYH D KLJKHU SUREDELOLW\RILQWHUDFWLRQ D ODUJHU VWR
PRUH UDSLGO\ ZLWKLQ WKH PDWHULDO UHVXOWLQJLQ KLJK DWWHQXDW
KDQG KDYHDKLJKHU YHORFLW\DQG WKXV KDYHOHVVWLPHWRLQWHUDF)
SUREDELOLW\RIDQLQWHUDFWLRQLYORZHU WKHLQWHUDFWLRQV WKDW
HQRXIJKWRLQGXFH QXFOHDU UHDFWLRQV ZLWKLQ WKHDOXPLQLXP DWRP\
VHFRQGDU\ SDUWLFOH FDVFDGHV ZKLFKH[SODLQV ZK\WKH WRWDO SDUW
WKHLQLWLDO SDUWLFOH FRXQW

JURP WKHVH UHVXOWV LW FDQ EH PRQFMXFELHG WK DKL B @ GAS/OSHJLPDULO\ +
SURWHFWLQJDJDLQVW SURWRQV ZLWK HGHSURW W E H &R Z KD-ELS BIR[H. B D\VEHRQ
RI WKH SURWRQ VSHFWUXP WKH VKLHOG QRW RQO\ IDLOV WR VWRS WKH
WKH UDGLDWLRQ HQYLURQPHQW E\ JHQHUDWLQJ D FRPSOH[ILHOG RI VHF
WKH HITHFW Rl WKH VKLHOGLQJ DQG WKH UHVXOWLQJ UDGLDWLRQ ILHOG
FRPSRVLWLRQ RI WKLV VHFRQGDU\ SDUWLFOH ILHOG 7KLV LV GHWDLOHG

,QIDEOH WKLV FRPSRVLWLRQ RI WKH SDUWLFOH ILHOG EHKLQG WKH VKLH
NLQHWLFHQHUJLHVY RI WKH SURWRQV DW WKHJHQHUDWRU FDQ EHIRXQG I
SDUWLFOHVLQ WKHGHWHFWRURIDOO SDUWLFOHV FDQEHIRXQG LQ WKH
SURWRQV DUH VKRZQ 7KH\FRQWDLQ ERWK SULPDU\DQG VHFRQGDU\ SUF



$QDO\VLV

VHYHQWK FROXPQ DOO WKH VHFRQGDU\ HOHFWURQV SKRWRQV QHXWU
UHVSHFWLYHO\

7DEOH &RPSRVLWLRQ RI 3DUWLFOH )LHOG EHKLQG 6KLHO GUR W RDL/Q*HDXPIH WLLFFDXO0 D MWORGW
PHDVXUHG DW GHWHFWRU DIWHU P P6HFWPLRQXP 6HWXS % VHH

(QHUJ\ | 3SaDUWLFOHIWVRWRQVMOHFWURZXRWRQVIHXWURQ@WKHUYV,
#IJHQHUD VDRW LSULPDU\
GHWHFWRUBFRQGDU\
ZLWK
PP $d
VKLHOGILQJ

OHO9
OHO9
OHO9
OHO9
OH9
OH9
OH9

JROORZLQIJWKHDQDO\WLV RRIWKHRYHUDOO WUDQVPLVVLRQ PPKHFRPSRYV
DOXPLQLXP VKLHOG IVEBSOMVKEWBHG/DRQFH DIJDLQ VKRZV UHODWLRQV ED
SURWRQ HQHUJ\ $W ORZHU HQHY9MHKNM S\DAPKLIFOH ILHOG LV GRPLQDWHG
ZLWK SKRWRQV JDPPDV FRQVWLWXWLQJWKHODUJHVWIUDFWLRQ RI WKF
HQHUJ\ LQFUHDVHVY SURWRQV EHFRPH WKH GRPLQDQW SDUWLFOH W\SH
IRUHQHUJLBHWORIQG DERYH 7KH VLPXODWLRQ DOVR VKRZV WKDW WKH JH
RWKHU VHFRQGDU\ SDUWLFOHYVY LQFUHDVHY VWHDGLO\ ZLWK LQFLGHQW ¢
VHFRQGDU\HOHFWURQV UHPDLQV FRQVLVWHQWO\ORZDFURVV DOO VLPX

7KH SK\WLFDO PHFKDQLVPVRISDUWLFOHLQWHUDFWLRQVH[SODLQ WKHVH
DUHPRUH OLNHO\WR EH VWRSSHG E\ WKH VKLHOGLQJ ZKHUHDV KLJKHU
H[SODLQV WKH VKLIWLQ WKHSURWRQ IUDFWLRQ 7KHLQFUHDVLQJSURGX
WR D JUHDWHU OLNHOLKRRG Rl HQHUJHWLF QXFOHDU LQWHUDFWLRQV L
DQG WKH VXEVHTXHQW HYDSRUDWLRQ RI QHXWURQV@U RRMWKHFR@EGWHG V
HOHFWURQV DUH SULPDULO\ JHQHUDWHG WKURXJK LQHODVWLF &RXORP
HOHFWU@QYV >

7R DSSO\ WKHVH ILQGLQJV WR WKH VDWHOOLWH GDWD WKH FKDUDFWHU
EH FRQVLGHUHG 7KH GHWHFWRU LV XQDEOH WR PHDVXUH QHXWURQV D
HIILFLHQF\ IRU GHWHFWLQJ BKIXWR Q¥ HMVARLEDYLQJ WKLV HIILFLHQF\ UD
RINH9ZLWK WKH VLPXODWHG NLQHWLF HQHUJ\ VSHEWUIXHP R MMKIWHROHTRD G |
WKDW WKH GHWHFWRU LV HITHFWLYHO\ EOLQG WR WKH YDVW PDMRULW\ R
OHO9UDQJH *LYHQ WKDW RWKHU VHFRQGDULHY OLNHHOHFWURQV ZHUH IR
H[SHULPHQWDO PHDVXUHPHQW ZRXOG EH DOPRVW HQWLUHO\ GRPLQDWH
VSHFLILF H[SHULPHQWDO VHWXS WKH Y3URWRQ 7UDQVPLVVLRQ T LV Wk
DVVHVVLQJ WKH VKLHOGYTV SHUIRUPDQFH



$QDO\VLV

JLIXUH *DPPD UD\ GHWHFWLRQ HIHPFWHKQFNIRUWODFRQ 6L VHQVRU VKRZLQJWKHUDSLG GHFL
HQHUJLHVVDERY®WDVHG RQ GDWD SURYLGHG IRUWKH 7LPHSL[ GHWHFWRU

JLIXUH 6HFRQGDU\ *DPPD 3KRWRQ (QHUJ\ 6 SHF WU XR RWRQWHD QWQVIBREDWLRQ PHDV XL
GHWHFWRU DIWHU PP $OXP LEHPWLBAWRSVH WKH VFIDDBQE WKDW YHU\IHZ SKRWRQV DUH SU
ZLWK HQHUJIMMNHEHORZ

7TREHWWHU DQDO\WHWKHVSDWLDO GLVWULEXWLRQRIWKHVHHIIHFWV W
LV H[DPLQHEXIWHWR. JX UH



$QDO\VLV

JLIXUH 6SDWLDO GLVWULEXWLRQ RI GHW HFW$°GSSDLP\B UK S H R WRRPVD YK R SODWILRQ RV ZHUH .
IURP DQ LVRWHREVBKHULFDO VR XU F HYZ%O4KOD Q G1 © UV HSI WRBRXIXFLQLXP VKLHOG EHIRUH
UHDFKLQIPVPRHP PT¢°°P VLOLFRQ GHW H FOMREW LERHW XISHAF RORXUEDU UHSUHVHQWY WKH SDUW|

SL[HO

JLIJXUH 6DPH DVIXUHIR#0OH93URWRQV

JLIXUH 6DPH DVMIXUHIRECOHIBURWRQV



$QDO\VLV

JLIXUH 6DPH DVMIXUHIRECOHI3URWRQV :,7+287 VKLHOGLQJ

$ SURPLQHQW FLUFXODU SDWWHUQ L VOHWWRHMHW DRAGHYHIUIV R Y RMRIPFHD E C
OH9ZKHQ FRPSDULQJ WKHFHQWUH RI WKH GHWHFWRU WR WKH FRUQHUYV
VLPXODWLRQJHRPHWU\ 3URWRQVRQDSHUSHQGLFXODU WUDMHFWRU\ JF
PP &RQYHUVHO\ SURWRQVDUULYLQJDWPRUHREOLTXHDQJOHV PXVW S
RIDOXPLQLXPDQG DUH WKHUHIRUH PRUH OLNHO\ WR EH VWRSSHG 7KLV |
UHJLRQ RI WKH GHWHFWRU 7KH XQVKLHOGHAJBHEHVEQBPHWHDYHUVKRE QOL
GLVWULEXWLRQ ZLWK WKHPDLQ GLITHUHQFHEHLQJWKHDGGLWLRQDO VF
JXUWKHU UHIHUHQFH SORWV IRU D®SSHQIBU)ILHY DUH DYDLODEOH LQ

,WLVLPSRUWDQW WR QRWH WKDW WKH VLPXODWLRQ JHRPHWU\ KDV D GR
ZLWKRXW VKLHOGLQJ SRVLWRRQREMMKH/EKWHEWRQWUH PHDIQV WKDW
JHQHUDWHG SDUWLFOHYV JHRPHWULFDOO\ VW @D KE® HV K K L&HVHQRAURDWD Y X H G
VHWXS LV DOVR UHVSRQVLEOH IRU WKH REVHUYHG FLUFXODU SDWWHUQ\
UDGLDWLRQ ILHOG LV LVRWURSLF DQG VXFK D GLVWLQFW SDWWHUQ LV
DUH YDOXDEOH IRUDQDO\VLQJ WKH VKLHOGYV EHKDYLRXU ZLWKLQ WKLV
H[SHEWHG SK\VLFDO PHDVXUHPHQW )LQDOO\ IRU WKH SXUSRVHV RI YL\
GDWD IURP WKH GHWHFWRU ZHUH ELQQHG LQWR | EFRGWUEHQGWRJ D ¢
LPSURYH OHJLELOLW\

$GGLWLRQDOO\ RQHVKRXOGDOVRORRNDWWKHNLQHWLFHQHUJ\DQG GH
6HHLIXUH

D.LQHWLF (QHUJ\6SHFWUXP RI3URWRQV DW & H/MSHRMWRB G (QHUJ\ 6SHFWUXP RI 3URWRQV DW GHWF

JLIXUH .LQHWLFDQG 'HSRVLWHG (QHUJ\ 6SHFWUXP IURP *HDQW W °PSORWRRY® RWYDULRX\

GHWHFWRU SR\WPPMARPDOUNB VKLHOGLQJ (QHUJLHV VKRZQ LQ OHJHQG FRUUHVSRQG WR JH

%eWRXUFH GLVWULEXWLRQ “HQ3URDWRHG/SIRIMIIGFPBWHULDO * B*DODFWLF YDFXXP $OXP
¢ PP BHWXS %LUMHH

KHQ ORRNLQJ DW WKH NLQHWLF DQG GHSRVLWHG HQHUJ\ VSHFWUD VRP
WUHQGY UHODWHG WR WKH LQWHUDFWLRQ RI SURWRQV ZLWK WKH VKLHC



$QDO\VLV

Jjri ! ZDVDSSOLHG PHDQLQJRQO\SDUWLFOHV WKDW ZRXOGJHQHUDWHD
QR SKRWRQV RUQHXWURQVY 7KH SUHVHQFH RILVRODWHG RXWOLHU HYH
ELQVDW WKHH[WUHPHYVY RIWKHHQHUJ\VSHFWUD ZDV QRWHG LQ WKH GDW
DQDO\VLVLVYWRFKDUDFWHULVH WKHJHQHUDO SDUWLFOH EHKDYLRXU W
WKHVXEVHTXHQW GLVFXVVLRQ

7KHILUVW WKLQJ WR QRWLFH LY WKDW WKH NLQHWLF HQHUJ\P®LVWULEXW
DOXPLQLXP VKLHOG DUH VWURQJO\GHSHQGHQW WR WKH LQLWLDO EHDP
JRU KLJK HQHUJ\OHO®WG O0H9 WKH SULPDU\ SURWRQV VKRZ D UHODWLY!|
VSUHDG ZLWKFOHDU SHDN\0R EIVGI® YOHH® DBRSBEWLYHO\ ,Q FRQWUDVW W
SDUWLFOHV JHQHUDWHG LQ WKHVHUXQV DUHGLVWULEXWHG DFURVV WKH
SHDNV

$WORZHULQFLGHQ@WMEROHIL HWKH SULPDU\ SURWRQV VKRZ D PXFK ODUJH L
7KLV LV D FRQVHTXHQFH Rl WKH LQFUHDVHG LQWHUDFWLRQV DW WKHVH
YDULDWLRQ LQ WKH HQHUJ\ ORVV H[SHULHQFHG E\ HDFK SDUWLFOH 6RP
LQWHUDFWLRQ FUHDWLQJDELQ RI HQHUJLHY FORVH WR WKH LQLWLDO J}
LQWHUDFWLRQV UHVXOWLQJLQDEURDG VWHDG\GURSLQ FRXQWV WRZI
YRU WKHOH9UXQ RQO\D VPDOO IUDFWLRQ RI SULPDU\ SURWR@HWIDUH WUDC
UXQ DVLQJOH SULPDU\ SURWRQ ZDIE®HIW PIB WIHE) DW QRYLWG EQH RQ WKH
SORWV VHH IRRWQRWH

7KH ORZHU HGJH RI WKH PDLQ GLVWULEXWLRQ IRU SULIR®D @L &BUMKH OH V
VHFRQGDU\ SDUWLFOH VSHFWUX®HBWHQGLQJ GRZQ WR

7KH GHSRVLWHG HQHUJ\ VSHFWUD VKRZ D FOHDU LQYHUVH UHODWLRQVKL
SDUWLFOHV 7KLV LV H[SHFWHG DV SDUWLFOHV ZLWK KLJKHU NLQHWLF
YROXPH PRUH TXLFNO\ DOORZLQJ OHVV WLPH IRU HQHUJ\ GHSRVLWLRQ Y
GLVWULEXWLR@VURQKDUKHHROHDUO\ VKLIWHG WRZDUGYV ORZHU GHSRVLW!
$Q LQWHUHVWLQJ IHDWXUH DFURVYV DOO UXQV LV WKH VKDUS GURS LQ P
NH97KLV OLNHO\ FRUUHVSRQGY WR WKH %UDJJ SHDN IRU SURWRQV WK
WR WKH SRLQW RIPD[LPXP HQHUJ\WUDQVIHU MXVW EHIRUH VWRSSLQJ ZL\
)XUWKHUPRUH WKHUDQJHRIGHSRVLWHG HQHUJLHV ZLGHQWZHOWK LQFUH!
UXQ IRUH[DPSOH SURGXFHVDGHSRVLWHG HQHUJ\GLVWULEXWLRQ VSDQ
WKDQNHWR RYHWHO
7KHHIIHFWRP\WRMNPLQLXP VKLHOG RQ WKH NLQHWLF HQHUJ\RIWKH LQFLG
7KH UHVXOWV VXPPPOHVHGUHQH[DPLQHG WR GHWHUPLQH WKH NLQHWLF
UHDFKLQJ WKH GHWHFWRU ,W ZDV FKRVHQ WR IRFXV RQ WKH PRVW SUF
UHSUHVHQWY WKH H[SHFWHG HQHUJ\RI D W\SLFDO WUDQVPLWWHG SDUWI
$ FOHDU WUHQG FDQ EH VHHQ WKH VKLHOGYTV HIITHFWLYHQHVV LQ UHGXFL
WKH LQLWLDO HQHUJ\ Rl WKH SURWRQ )RU QQIWWHNXOH \D DQ Q PPLREGHDONMNE I
HQHUJ\ ROH9DW WKH GHWHFWRU D VLJQLILFDQW UHGXFWLRE9 ,Q FRQWL
EHDP WKH PRGDO NLQHW LFHY QHUGILADWLQJ WKDW WKHVH KLJKO\ HQHUJF+
WKURXJK WKH VKLHOG ZLWK PLQLPDO HQHUJ\ ORVV 7KLV GHPRQVWUDW
VORZLQJRUVWRSSLQJORZHU HQHUJ\ SURWRQV LWV LPSDFW RQ KLJK HC
$QLPSRUWDQW ILQGLQJIURP WKLV DQDO\VLV LV WKH VLJQLILFDQW HQHU
OHIUXQ WKH PHDQ HQHUJ\RI VHFRQGDUDED WWLV¥ VKR DWDREBWWKLHOC
FDQ FDXVH D KLJK HQHUJ\ SULPDU\UDGLDWLRQ ILHOG WR EH FRQYHUWHG
D SRWHQWLDO KD]JDUG DQG PRUH FRPSOH[WR FKDUDFWHULVH

YRU H[DPSOH»I°QHPKMKQ D VLQJOH HYHQW UHVXOWH & AAMB S6LPRDODWIOE HQHHHRHQWYV ZLWK |
HQHUJLHY ORZHU WKDQ WKH PDLQ GLVWULEXWLRQV ZHUH REVHUYHG EXW DUH H[FOXGHG IU
SULPDU\WUHQGYV



$QDO\VLV

7DEOH 1XPHULFDO UHVXOWYV Rz LQHWLBYGMWRAQYV *HDQW VLPXODWLRQ PHDVXUHG DW GHW!|
$OXPLQLXP 6HWXEFWLRAH

Jabg OHDQ Jgpg OHDQ Jgbg OHDQ Jypgd ORGDQ4pe ORGDO
#IJHQHUDWRIH9 @ SULPDULHVHFRQGD|ULMHN9 @ HQHUJ\
>S0H9 @ >0H9 @ >0H9 @ UHGXFWLRQ
>S0H9 @

OHO9 A A
0HO9
0HO9
0HO9
0HO9
0H9
0H9

A)RUV\l‘/é<»|—[)N—|98URWRQ UXQ RQO\RQHSULPDU\SURWRQ KLWWKHGHWHFWRU 7KHUHIRUH WKH\

7TKHPHDQ GHSRVLWHG HQHUJ\ SHMUE®SMHUSMIRYOLH WM\ KR@QLLUIEW LQWR WKH HQF
ZLWKLQ WKH GHWHFWRU 7KHUHVXOWY DUH GRPLQDWHG E\ WKH SK\VLFYV
7KHKLIJKHVW PHDQ GHSRVLWHG®HOREMNUYHG IRROWX® 7KLV FRUUHVSRQG
WR WKH LQLWLDO NLQHWLF HQHUJ\ LQ ZKLFK SURWRQV KDYH VORZHG VX
DFWLYHYROXPHRIWKHGHWHFWRU GHSRVLWLQJWKHLU PD[LPXP HQHUJ\
EH\RQG WKLV SRLOOMWHH WKMRHDQ GHSRVLWHG HQHUJ\ GHFUNBYHYV VLJQL
7KLV LV D FKDUDFWHULVWLF RI KLJKHU HQHUJ\ SURWRQV ZKLFK JR WRZD!
SDUWLFOHYV 0,3V ZKLFKDUH VR HQHUJHWLF WKDW WKH\ WUDYHUVH WK
WKXV GHSRVLW YHU\OLWWOH HQHUJ\

7TDEOH 1XPHULFDO UHVXOWYV RI 'HSRVQE HG (JRBURWRQV *HDQW VLPXODWLRQPHDVXUHGL
DIWHU PP $OXPLQLXP 6GBHAVAR® VHH

Jdbg OHD@ri | OHD@a; | OHD@ya; | OHDQ /([7OHDQ /([7OHDQ /(7
#JHQHUDWNRHP @ | SULPDULMMFRQGDANHY XP @ULPDULMMFRQGDULHYV
>0H9 @ >NH9@ | >NH9 XR@ >NH9 XR@NH9 XR@

OHO9 A A
OHO9
OH9
OHO9
OHO9
OH9
OH9

&RQFOXVLRQ
7KLV DQDO\VLV GHPR Q VRPUDMKHPY. Q/LKOOPAWW KIHO G KDV D VWURQJO\HQHUJ\ Gt
DQLQFLGHQW SURWRQ ILHOG ZKLFK FDQ EH VXPPDULVHG E\WKUHH NH\ IL

P QWHQVLW\5HERUFSWRWRQV ZLWK HQHY MW KN EKIOHRZG VKRZYV LW LV HIIH
VWRSSLQJWKHPDMRULW\RILQFLGHQW SDUWLFOHV 7KHSURWRQ WUL
ORZ ZLWK OHVIRWRDRWRQVOHIWR

F(QHUIJ\5HGXFMWKIHRW KLHOGYV DELOLW\WR UHGXFHWKHNLQHWLFHQHUJ
PRVW SURQRXQFHG DW ORZHU HQHUJLHV )RU LQVOWHBRGBRWPRWQUHGXFH
DSSUR[LPDWHOAKLOH DH9SURWRQ ORVHWEBVYV WKDQ

ft6HFRQGDU\)LHOG *HRUSDWWRQ@V ZLWK HQHOM KM DERNYGIG SULPDULO\
DVDFRQYHUWHU ,WEHFRPHV ODUJHO\ WUDQVSDUHQW WR WKH SULP



$QDO\VLV

VHFRQGDU\ ILHOG RI QHXWURQV DQG SKRWRQV 7KLV HIITHFW LV VLJQI
FRXQWEHKLQG WKHVKLHOGFDQ H[FHHG WR W D@RA G B Q WRRREX/Q WQH W

,QFRQFOXVLRQ WKHVHILQGLQJV UHYHDO WKH GXDO QDWXUH RI WKH VKI
HOHUJLHV LWLV JUHDWDW UHGXFLQJWKHNLQHWLF HQHUJ\DQG VWRSS|
HQHUJLHV LW FDXVHV QHZ ULVNV FDXVHG E\ WKH JHQHUDWLRQ RI VHFR(
FRUUHFWLRQIDFWRUVGHVLIQHGWRUHFRQVWUXFWWKHH[WHUQDOHQYL
WKHUHIRUH EH DEOH WR DFFRXQW IRU ERWK RI WKHVH GLVWLQFW SK\VLF
UDWHYV HQHUJ\UHGXFWLRQ DQG VHFRQGDU\SDUWLFOHFRPSRVLWLRQ S
LQSXWIRUWKHGHYHORSPHQW RI&KBPEWHWRGHO DV VHHQ LQ



&SRUUHFWLRQ RI VKLHOGLC
VSDFH UDGLDWLR(

7KLV FKDSWHU ZLOO FRQWDLQ WKH UHVXOWYV G&KIOLSYW 6 WURFD @ KH SI0DD-Q\
KRZUDGLDWLRQ LV DIITHFWHG E\ VKLHOGLQJ FRUUHFWLRQ IDFWRUV DUH
SHUIRUPHG DQG WKH OLPLWDWLRQV DUH GLVFXVVHG

'"HULYDWLRQ RI S RUUHFWLRQ )DFWRUYV

7KLVVHFWLRQRXWOLQHVWKHPHWKRGRORJ\IRUGHULYLQJFRUUHFWLRQ
L@KDSWHOKH HPSLULFDO PRGHOV IRU WKHVH IDFWRUV ZHUH HVWDEOL\
VLPXODWLRQ GDMDXVROWWAIHH FXUNKHFIWWRQ LQ 3\WKRQ

.LQHWLF (QHUJ\5HGXFWLRQ
7KHILUVW VWHS LQ FRUUHFWLQJWKHVDWHOOLWH YV GFPWID XV WRLTPD QW L
VKLHOGLQJRQ WKH NLQHWLF HQHUJ\RILQFLGHQW SURWRQV 7KH REMHF
WKDW UHODWHV WKH LQLWLDO NLQHWLF HQHUJ\ RI DIS{JRWR QVRHIRVH LW L
NLQHWLF HQHUJ\ XSRQ UH DIkl QJ, WEHF&HWHFGHROUD OORZV IRU DQ HVWLPIE
H[WHUQDO UDGLDWLRQ ILHOGTV HQHUJ\ VSHFWUXP EDVHG RQ WKH LQWH L
7KHLQWHUDFWLRQRISURWRQV ZLWK WKH VKLHOGLQJPDWHULDO LV D VWF
DVFDQEH VHHRUK) &BQVHTXHQWO\ DPRQR HQHUJHWLF SURWRQ EHDP VL
UHVXOWV LQ D VSHFWUXP RI NLQHWLF HQHUJLHV DW WKH GHWHFWRU SOLC
WKH PRGDO NLQHWLF HQHUJ\ ZDV FKRVHQ DV WKH UHSUHVHQWDWLYH YD
PRGDO NLQHWLF HQHUJ\ LV WKH PRVW IUHTXHQWO\ RFFXUULQJ HQHUJ\ L¢
ZDV GHWHUPLQHG IRUVHYHUDO LQLWLMEBAHUJ\ SRLQWV DV GHWDLOHG
$Q HPSLULFDO PRGHO ZDV GHYHORSHG E\ ILWWLQJ D SRZHU ODZ WR WKH
UHODWLRQVKLSEHWZHHQWKHLQLWLDO JHQHUDWRU D QG XIDQ\DLAR G HW HF

Jg bgv vcre'c r ‘J(E bQVeVTe‘cb

7KHRSWLPDO SDUDPHWHUV IRUWKH ILW ZHUHDRIKQG WR EKIH TXDOLW\
RI WKLV ILW LV HAOXKXWWUDWHG LQ



'"HULYDWLRQ RI &8RUUHFWLRQ )DFWRUYV

JLIXUH 3RZHU /DZ )LW IRU 3URWRQ .LQHWLF (®R $D %6MOXNAIPLEKQ BREBMWR &RUUHODWLRQE
LQFLGHQW SURWRQ HQHUJ\ < D[LV EHIRUH VKLHOGLQJ DQG WKH FRUUHVSRQGLQJPRGDO |
RQO0& 6LPXODWLRQV

TRYDOLGDWH WKHPRGHOYV SUHGLFWLYHDFFXUDF\ WKHLQLWLDO NLQHYV
FRPSDUHG DIJDLQVW WKHNQRZQ JHQHUDWRU HQHUJLHV IUREPOMKH VLPXOL
GHPRQVWUDWH D KLIK GHJUHH RIDFFXUDF\ ZLWK D PHDQ DEVROXWH SHL
WKH WHVWHG UDQJH

7DEOH &RPSDULVRQ RI *HQHUDWHG .LQHWLF (QHUJ\EHIRUH VKLHOGLQJ YHUVXYV &DOFXODW
WKH SRZHU ODZ ILW ZLWK PHDVXUHG .LQAWDW (®@QUJ\ DW GHWHFWRU VHH

2ULILQIRK, yorelc ORGDO Jyngyeyre|, & DOFXODWHG | 3BHUFHQWDJH (UURU > @
>0H9@ VLPXODWLRQ >0H9@,.:.20H9@

ILPLWDWLRQV

7KH PRGHO VKRZV VWURQJ DJUHHPHQWY DOWKRXJK LWV DSSOLFDWLRQ |

WKH GHULYHG SDUDPHWHUYVY DUH VSHFLILF WR VW RHDWOXPAQL WP & K IHHR® Gl W

D YDFEXXP HQYLURQPHQW G6HFRQGO\ WKH PRGHO LV YDOL@G@DWHRG IRU DQ
OH9 BURWRQV ZLWK LQLWLD O HIPRUHIER K EFHIOWRHA O\ VWRSSHG E\ WKH VKL

QRWUHDFKWKHGHWHFWRU :KLOHWKHWUHQG LV H[SHFWHG WRFRQWLQ

DERYHOHOKDVY QRW EHHQ FRQILUPHG LQ WKLV ZRUN

7TKHPRVW VLIQLILFDQW FKDOOHQJH IRUDSSO\LQJ WKLY FRUUHFWLRQ IDF

HOQHUJ\DWWKHGHWHFWRU DYDOXHZKLFKLY QRWGLUHFWO\PHDVXUHGE



'"HULYDWLRQ RI &8RUUHFWLRQ )DFWRUYV

LQWR WKLV LVVXIBHFVBHRMDLOHG LQ

BHFRQGDU\ 3DUWLFOH *HQHUDWLRQ
$Q DQDO\WLV RI VHFRQGDU\ SDUWLFOHY JHQH UWPPWHGXPL QUKP DAKLHDRBW R
ZDV SHUIRUPHG WR DVVHVV WKHLU SRWHQWLDO FRQWULEXWLRQ WR ZKDV
FRQFOXGHG WKDWIRUWKHSXUSRVHRIGHULYLQJD JHQHUDO VKLHOGLQJ
IRUWKHIROORZLQJUHDVRQV

$+6HFRQGDU\ (OHFWURQVTXKMGGNRRI RB¥RQGDU\HOHFWURQV ZDV IRXQG
7KHIOX[RIVHFRQGDU\SURWRQV ZKLOHVPDOOFRPSDUHG WR WKHDPTF
LQ WKH WRWDO SURWRQ FRXQW DV WKH GHWHFWRU FDQQRW GLVWLQJ

Ff6HFRQGDU\ 3IKRKMFROMHVD VLIQLILFDQW IOX[ RI VHFRQGDU\ SKRWRQV LV
VSHFWUXP LV SUHGRBPHOQDDQWIG\ W@EMIAKHH 7KLV LV ZHOO RXWVLGH WKH
VHQVLWLYLW\UDQJH RIWKH 7LPHSL] GHWHFWRU ZKL¥WHKILV PRVW HIIL

F6HFRQGDU\1HXWHRQNXODWLRQVKRZVD QRQ QHJOLJLEOHIOX[RIVHF
DVWKH 7LPHSL[] LVD GLUHFW LRQLVDWLRQ GHWHFWRU LWLV LQVHQ)\

$2WKHUBHFRQGDU\3WKMWILREBY\VHFRQGDU\ SDUMOFOHGERWHRAQ VH J
DUHSURGXFHG :KLOHWKHLURYHUDOOFRXQWLVWRRORZWRLQIOXH
UDUHHYHQWY PD\EH UHVSRQVLEOH IRUVRPHRIWKHKLJK HQHUJ\GHS
GDWD $ GHWDLOHG DQDO\VLV RI WKHVH VSHFLILF HYHQWV LV FRQVLG

*LYHQ WKHVH FRQVLGHUDWLRQV LW ZDV FRQFOXGHG WKDW LW LV YDOLG
FRPSRQHQW ZKHQ GHULYLQJ VKLHOGLQJ FRUUHFWLRQ IDFWRUV IRU SUR
WKRURXJK DQDO\VLV RI VHFRQGDU\ SDUWLFOHV ZRXOG EH QHFHVVDU\ IR
VXFKDV WKRVH FDSDEOH RI QHXWURQ RUKLJK HQHUJ\ SKRWRQ GHWHFWL

,QWHQVLW\5HGXFWLRQ 7UDQVPLVVLRQ 3HUFHQWDJH
7TKHVHFRQG FRUUHFWLRQIDFWRUDFFRXQWVIRUWKHUHGXFWLRQLQSDU
E\RUVFDWWHUHG DZD\ IURP WKH GHWHFWRU E\ WKH VKLHOGLQJ 7KH RE]
PRGHOUHODWLQJD SURWRQIYVLQLWLDONLQHWLFHQHUJ\WRLWY SUREDE
LVDUHODWLYHPHDVXUH WKLV WUDQVPLVVLRQ SHUFHQWDJH LV HTXLYD!
DOORZLQJIRUWKHFRUUHFWLRQ RI PHDVXUHG LQWHUQDO IOX[HV WR GHW
$V HVYWDEOGNKWGRQWKH FRQWULEXWLRQ IURP VHFRQGDU\ SDUWLFOHV Z
7TKHUHIRUH WKLVDQDO\WLVGHILQHVWKHWUDQVPLVVLRQ SHUFHQWDJH L
SULPDU\DQG VHFRQGDU\ DW WKH GHWHFWRU ZLWK WKH VKLHOGLQJ LQ
VKLHOGLQJ %DVHG RQ WKH VLPXODW/IDREQAEDW 1TQ GHVWH BRZWURXD 2ZR R
RIITVHW ZDVY VHOHFWHG DV WKHHPSLULFDO PRGHO

~ a ..
YU O ¢ 0— > @

,Q WKLV FRIGH® WKH WUDQVPLVVLRQ SHUFHQW DJ H7 KRHJSID ULDYRFHQMWHIL W L D O
OLPLWHG WR D YDOXH RI DV WUDQVPLVVLRQ FDQQRW SK\VLFDOO\ H[F}
UHPDLQLQJ SDUDPHWHUWZHUHARD@QBWR EXUWKHUPRUH IRUHQHUJLHV
WKH SK\WVLFDO FRYWORIKRUH WKHPRGHO SUHGLFWV XQSK\VLFDO QHJDWLYH
LV VHW WR JHUR 7KH UHVXQWXQH ILW LV VKRZQ LQ



'"HULYDWLRQ RI &8RUUHFWLRQ )DFWRUYV

JLIXUH ,QYHUVH SRZHU ODZ PRGHO ILWWHG WR WKH VLPXODWH&BRROERJIANQPDRYIFPLVVLRQ
VKLHOGLQJ EDVHG RQO0& 6LPXODWLRQV

7KH PRGHOYV SHUIRUPDQFH ZDV YDOLGDWHG DJDLQWVWBOKH WHKIPXODWLR
RYHUDOO OHDQ $EVROXWH (UURU 0%$( ZDVIRXQG WR EH SHUFHQWDJH ¢
DFURVV WKHHQHUJ\UDQJH

7DEOH &RPSDULVRQ RI VLPXODWHG WUDQVPLVVLRQ SHUFHQWDJH YHUVXV WKH FDOFXODW!
PRGHDXDWLRQ

L QLWLQPDOHI@ | 6LPXODWHG &DOFXODWHG | $EVROXWH(UURU
7JUDQVPLVVLRQ PU®QVPLVVLRQ >S®@UFHQWDJH SRLQWV @

ILPLWDWLRQV
7TKHDSSOLFDELOLW\RIWKLVPRGHOLVVXEMHFWWRVHYHUDO OLPLWDWL
VSHFLILF WR WKHVLPXODWHG JHRPHWU\DQG ZRXOG FKDQJH ZLWK GLIIHU
GHWHFWRU GLVWDQFHYVY 6HFRQGO\ WKHPRGHO LV RQO\YD®@MHR®OWHG IRU
WR OH9 ,W LV K\SRWKHVLVHG WKDW DW HQHUJLGN9YVHERQG D QW3IRW RIQH
JHQHUDWLRQ FRXOG EHFRPH VR SURPLQHQW WKDW WKH PHDVXUHG WUDC
VRPHWKLQJWKHFXUUHQW PRGHO FDQQRW UHSURGXFH GXH WR WKHGHOL
FHLOLQJ DOWKRXJK LW FDQHDVLO\EHDGMXVWHG

J)LQDOO\ DQGPRVWVLIQLILFDQWO\ DSSO\LQJWKLVFRUUHFWLRQUHTXLL
PHDQV WKDW WR FRUUHFW D PHDVXUHPHQW IURP WKH 7LPHSL][ GHWHFWF
HQHUJ\ DW WKH GHWHFWRU WKHQ DSSO\ WKH NLQHWLF HQHUJ\ FRUUHFYV
EHIRUH WKLV WUDQVPLVVLRQ IDFWRUFDQEHDSSOLHG 7KLV UHOLDQFHF
FKDOOHQJLQJVWHS RIFRQYHUWLQJGHSRVLWHG HQHUJ\WR NLQHWLF HQ
DSSOLFDWLRQ RI WKLV FRUUHFWLRQ IDFWRU



SWWHPSWDW &RQYHUWLQJ 73; OHDVXUHPHQWYVY WR .LQHWLF (QHUJ\

SWWHPSWDW &RQYHUWLQJ 73; OHDVXUHPHQWYV

7KH SULPDU\JRDORIWKLVUHVHDUFKLVYWRGHYHORSFRUUHFWLRQ IDFWR
FKDUDFWHULVHWKHH[WHUQDO UDGLDWLRQILHOGLQ/RZ(DUWKZ2UELW ,V
DSSO\LQJVXFK FRUUHFWLRQV LV WKH DELOLW\ W Ry HRW B S B UQH WEH LTKFH.
GHWHFWRU DV VXFK GRHV QR W, B/LRHFWQAHFPHDNXKNOWDQW TXDQWLWLHYV
HQHUJ), RU SRVW SURFHVVLQJ FDOFXODWHY WKH /LQHDU (QHUJ\ 7UDQV
WUDFN OHQJWK RI D SDUWLFOH 7KLV VHFWLRQ GHVFULEHV WKH LQYHVWL
EHIJLQQLQJ ZLWK DQ DQDO\WLFDO PRGHO DQG DIWHU SHUIRUPLQJDQ DQD
7KHLQLWLDO K\SRWKHVLV ZDV WKDW WKH FRPSOH[/(2 HQYLURQPHQW FR}
VLPSOLILHG SK\WLFDOPRGHO 7KHILUVWDSSURDFK ZDVWKHUHIRUH WR P
FROOLPDWHG EHDP DQG GHYHORS DQ DIQQI@\RIPLWEE WIRRVXW R G HFR Q VW U X

7TKH %DFNZDUGYV BURSDIJDWLRQ OHWKRG
TRHVWLPDWHWKHLQLWLDONLQHWLFHQHUJ\IURPGHWHFWRUPHDVXUHP
GHYHORSHG 7KLVPRGHO XVHVD FDOLEUDWHG % HWKH %YORFKIRUPXODW
/(7 YDOXHLQ WKHGHWHFWRU WKURXJK WKH VKLHOGLQJPDWHULDOV WR
7KHFRQFHSWLVIRUPDOLVHG WKURXJK WKH %YHWKH %YORFKHTXDWLRQ Z
GLVWDQFH iG( G
o, 0 00 H 006 N
0 ¢ é b
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$ 'HQVLW\ RI PHIGK‘®P >

] &KDUJHRILQFLGHQW SDUWLFOHLQ XQLWW{RI H BWRWRQ HOHFW
$6 9HORFLW\RILQFLGHQW SDUWLFOHLQ WHUPVRIF> @

tkr ODVVRIDQHOHFWURQ

tF VSHHG RIOLJKW

to 5HODWLYLV¥¥E)%.F *}D&EWRU

t¥%24 OD[LPXP HQHUJ\ LQ KHDG RQ®BROOLVAIRGK k. k * P PDVV
RILQFLGHQW SDUWLFOH

¥, OHDQ ([FLWDWLRQ 3BRWHQWLDO
¥6 66 'HQVLW\ (IITHFW &RUUB&WLRQ IRUKLJK
1&66 N= 6KHOO &RUUHFWLRQV IRUORZ

6KHOO FRUUHFWLRQV DQG GHQVLW\ FRUUHFWLRQV ZHUH QRW DFFRXQW#
ZHUH VXFK WKDW WKHVH FRUUHFWLRQV DUH PLQLPDO

*LYHQDNQRZQVWRSSLQJSRZHU /(7 DQG PDWHULD® BD® §H GW MHW MKGHS
QXPHULFDOO\ 7KLV DOORZV IRUD VWHS E\ VWHS UHFRQVWUXFWLRQ RI \
VKLHOGLQJLQ UHYHUVH 7KHPRGHO ZDV ILUVW YDOLGDWHG DJDLQVW W ¥
FRUUHFWLRQ IDFWRUV DSS O LIHGPR R HIQWXIURQAZION/ /DF MXRUDWH WR ZLWKLQ
PDWHULDOV OLNHDLU VLOLFRQ DQG DOXPLQLXP



SWWHPSWDW &RQYHUWLQJ 73; OHDVXUHPHQWYVY WR .LQHWLF (QHUJ\

ORGHO 6 XFFHVV LQ D3HUSHQGLFXODU %HDP 6FHQDULR
7KH PRGHOYTV SHUIRUPDQFH ZDV ILUVW WHVWHG XVLQJ *HDQW VLPXODW|
PLPLFNLQJWKHFRQGLWLRQVRIDFRQWUROOHG H[SHULPHIGEW DRGH WKH +(
$V VKRZQDIEDH WKH PRGHO SHUIRUPHG YHU\ ZHOO XQGHU WKHVH LGHDOL\

7TDEOH &RPSDULVRQ RI *HDQW VLPXODWLRQ UHVXOWY DQG EDFNZDUGY SURSDJDWLRQ FDO|

3URWRQ H[QHUDVXUHG PMDGENZDUGY OHDVXUHG PRMDENZDUG
#JHQHUDWRU(7 *HDQWFDOFXODMHGihg *HDQWFDOFXODMYHG
>0H9 @ #GHWHFWRU#GHWHFWRU#GHWHFWRU#JHQHUDWRU

>NH9 XP@ | >0H9@ >0H9@ >0H9 @

SULPDULHYV

SULPDULHYV

SULPDULHYV

SULPDULHYV

SULPDULHYV

JROORZLQJ WKLV VXFFHVVIXO VLPXODWLRQ WKHPRGHO ZDV DSSOLHG WH
WKH +(S .UDNRZ FBDPEOH3SQHVHQWY WKH UHVXOWY RIlHHGLQJ WKH PHDV X
WKH 73, GHWHFWRU LQWR WKHEDFNZDUGY SURSDJDWLRQ PRGHO

7TDEOH &RPSDULVRQRI73; /(7 GDWD GXULQJ +(S .UDNRZH[SHULPHQW RQ DQG EDF
FDOFXODWLRQ UHVXOWYV

BURWRQ HQHUJ$QJOH GHJ SHMS3 73, GDWBEDFNZDUGYV
#IJHQHUDWRU 20H9 @ >NH9 XP@ FDOFXODWHG (NLQ
#IJHQHUDWRU 20H9 @

JRUKLIJK HQHUJ\ SHUSHQGLFXODU SURWRQV WKHPRGHO SURYLGHV D UH
LQVWDQFHOHXWQ P WKH UHFRQVWUXFWHG®HRQRLNWINVRKL Q RI WKH WUXH YD
FORVHO\ PDWFKLQJ WKH SHUIRUPDQFH VHHQ LQ WKH *HDQW VLPXODWLR(
+RZHYHU WKH GDWD DOVR FOHDUO\ UHYHDOV WKH PRGH®@H\W KOLJK VHQ VI
PRGHVW LQFUHDVHLQ PHDVNKIHJ%P@WKRU[N\R?’ NHQ-PA”IRUpDQGpFDXVHV



SWWHPSWDW &RQYHUWLQJ 73; OHDVXUHPHQWYVY WR .LQHWLF (QHUJ\

WKH UHFRQVWUXFWHG HQHUQJN W R KLYVREHEAVRYWH WY LW\ PHDQV WKDW VPDO(
XQFHUWDLQWLHY FDQ SURGXFH ODUJH HUURUV LQ WKH ILQDO UHVXOW P
PHDVXUHPHQW HUURUYV

7KH PRGHOfV SHUIRUPDQFH EUHDNV GRZQ FRPSOHWH®D @GVOBIRZHU HQHU
SURWRQV WKH UHVXOWY GLYHUJH TXLWH KDUG IURP WKH WHXH YDOXHYV
ZKHUH WKH PRGHO SURGXFHV D FOHDUO\ ZURHQJ UHVXOW RIDSSUR[LPDWH
8OWLPDWHO\ WKLV DQDO\VLY VKRZV WKDW WKH SUDFWLFDO XVH RI WKH I
NH\IDFWRUV )LUVW WKHPRGHO LV KLIKO\ VHQVLWLYH WR LWV /(7 LQSX\
ODUJH HUURUV LQ WKH ILQDO FDOFXODWHG HQHUJ\ HVSHFLDOO\ IRU OR:
PDLQO\FDXVHG E\LQFLGHQW DQJOHYVY DQG PHDVXUHPHQW HUURUV 6HFR
ORZHQHUJLHVY $OLNHO\VRXUFHIRUWKLY GLVFUHSDQF\LV WKHLQKHUH(
SRVW SURFHVVLQJ 7KH PHWKRG LW XVHV WR HVWLPDWH D SDUWLFOHTV
OHVV SUHFLVHWKDQ WKHVLPXODWLRQ DQHIIHFW WKDW LV OLNHO\PRUH
WUDFNV RIORZ HQHUJ\ SURWRQV

7TKH/LPLWV RI WKH $QDO\WLFDO ORGHO LQ D5HDOLVWLF (
:KLOH VXFFHVVIXOLQ DQLGHDOLVHG FDVH WKH JRDO LV WR DSSO\ WKLYV
VLPSOH EHDP WR WKH FRPSOH[/(2HQYLURQPHQW VKRZHG WKH OLPLWDW L
JLUVWO\ WKH /(2 UDGLDWLRQ ILHOG LV LVRWURSLF 7KLV EUHDNV WKH |
SHUSHQGLFXODU SDWK OHQJWK $ SDUWLFOH HQWHULQJ DW DQ DQJOH F|
VDPHLQLWLDOHQHUJ\ 7KLVLVWREHH[SHFWHGDV D SDUWLFOHWUDYHO
HOQHUJ\DQG WKXV GHSRVLWY PRUH HQHUJ\ 7KLV OHDGV WR D KLJKHU DY
LVRWURSLF VRXUFH ZKLFK OHDGV WR D GHFUHDVH LQ DFFXUDF\
6HFRQGO\ WKH PRGHO LV EDVHG RQ D VLQJOH /(7 LQSXW 7KHUHIRUH LW
WR /(7 $V VKRZQ ZLWK WKH DQJXODU GDWD IRU ORZ /(7 YDOXHV DQ\ FKELC
SUHGLFWHG NLQHWLF HQHUJ\ 7KLV PDNHV WKHPRGHOYV SUHGLFWLRQV I
7TKLUGO\ WKH 73; GHWHFWRU /(7 GDWD VKRZV GLVFUHSDQFLHV ZLWK WKF
HQHUJLHV $ OLNHO\ VRXUFH IRU WKLV GLVFUHSDQF\ LV WKH LQKHUHQW
SRVW SURFHVVLQJ 7KH PHWKRG LW XVHV WR HVWLPDWH D SDUWLFOHYV
OHVV SUHFLVHWKDQ WKHVLPXODWLRQ DQHIIHFW WKDW LV OLNHO\PRUH
WUDFNV RIORZ HQHUJ\ SURWRQV

.QRZLQIJWKLVDQG FRPELQLQJLW ZLWKD S SLHFHRIIHHGEDFN GXULQJ WKL\
RQWKHPRVWIXQGDPHQWDO XQLW RIPHDVXUHPHQW WR DYRLG SURSDJDYV
(7 7TKHPRVWEDVLF SK\VLFDO TXDQWLW\PHDVXUHG E\ WKHIGMHMWHOAWRU L

$)XQGDPHQWDO $QDO\WLVRI (QHUJ\'HSRVLWLRQ
7KH OLPLWDWLRQV RI WKH DQDO\WLFDO PRGHO OHG WR D QHZ PRUH IXQ(
DQ\VSHFLILF PRGHO LV LW HYHQ SRVVLEOH WR FUHDWH D UHOLDEOH XQ
PHDVXUHBMQWR WKH SDUWLFOHYTV NLQHWJ4E;MQHUJ\DW WKH GHWHFWRU
7JRDQVZHU WKLV WKHUHODWLRQVKLSEHWZHHQLQFLGHQWNLQHWLFHQH
DFURVV QXPHURXV *HDQW VLPXODWLRQV 7KH)UBXX®WHYHSORIEMDH SC
FKDOOHQJLQJ FRPSOH[LW\ 7KLV DQDO\VLV VKRZHG WKDW IRU D JLYHQ C
LV QRW D VLPSOH RQH WR RQH IXQFWLRQ ,QVWHDG WKH GDWD UHYHDO\
Jai FDQ EH SURGXFHG E\ SDUWLFOHV IURP WZR HQWLUHO\ GLIIHUHQW LQF

$KLIK HQHUJ\ SDOWLROMWKURXIJK WKH GHWHFWRU TXLFNO\ ORVLQJD

$ORZ HQHUJ\ SPHIDMLW®H HQG RI LWV WUDFN WKH %UDJJ 3HDN ZKLFK
DQG GHSRVLWYV WKH VDPH DPRXQW RIHQHUJ\RYHU D VKRUWHU GLVWD

7KLV DPELJXLW\ LV WKH IXQGDPHQWDO ERWWOHQHFN;LQVWRXW EFBQHDUF
FRUUHVSRQG WR PXOW L SIpH YIRONWH E OMKHF QRH/QWSOH GLUHFW FRQYHUV

7R FRQILUP WKLY OLPLWDWLRQ DQ HPSLULFDO PRGHO ZDVORHBHDWHG XV
VLPXODWLRQ DVLWFRYHUHG WKHODUJHVWUDQJH :KLOHWKHPRGHO FF



SWWHPSWDW &RQYHUWLQJ 73; OHDVXUHPHQWYVY WR .LQHWLF (QHUJ\

SUHGLFW WKH LQFLGHQW NLQHWLF HQHUJ\ IURP D VHW RI GHSRVLWHG HQ
HQHUJ\ SHDN ,QVWHDG LW SURGXFHG D EURDG VFDWWHUHG GLVWULEXYV
7TKLVVHUYHV DV WKHILQDO FRQILUPDWLRQ GXHWRWKHXQGHUO\LQJDPE
HYHQ D GDWD GULYHQ PRGHO IDLOVWR UHOLDEO\UHFRQVWUXFW WKH LQ

D7KHDYHUDJH GHSRVLWHG HQHUJ\DV D IXQFWLRQ RI NLQ HAN DF BILQHRUA U-RRSH. IS IVRS/KRIQ V. RIJQ. VLRIOME H@II WIHRU
(PP DOXPLQLXP VKLHOGLQJ

E6DPH DVIXUH IRXWOH9

F6DPH DVIXUH |IRBEY049

JLIXUH '"HSRVLWHG HQHUJ\ SURILOH YHUVXV NLQHWLF HQHUJ\LQ WKH GHWHPWRU IRU PRQR
DOXPLQLXP VKLHOGLQJ 7KH ELPRGHI GY MW U PRQW MWRIDWHW KMHKH DPELIXLW\ RI WKH HQHUJ\ (



SWWHPSWDW &RQYHUWLQJ 73; OHDVXUHPHQWYVY WR .LQHWLF (QHUJ\

JLIXUH &RPELQHG '"HSRVLWHG (QHUJ\3URILOH YHUVXV .LQHWLF (QHUJ\LQ WKH GHWHFWRU
WKURPIKRI DOXPLQLXP VKLHOGLQJ XVLQJVLPXODWLRQ GDWD

7KLV LV IXUWKHU FRPSOLFDWHG GXH WR D GLVFUHSDQF\ LQ GHSRVLWHC(
PHDVXUHPHQWY DQG WKH VLPXODWLRQXGIHWIKBVRDQ HD WHBHQLUQFDQW DI
RIPHDVXUHPHQWY ZLWK GHSRVLWHMHQHAHKUVHFRXQGWWEKRRKDBEPBEG RY KHD Y\
LQVWHDG RI SURWRQV EXWLQDQ\FDVH WKLV IXUWKHU FRPSOLFDWHV W

JLIXUH &RPSDULVRQ RI1RUPDOLVHG '"HSRVLWHG (QHUJ\6SHFWUXP EHWZHHQ 73; GHWHFW
RUDQJH IRU &0ODVV 3URWRQV ,RQV 7KLV VSHFWUXP FRQWDLQV WKHOHHSRVLWHG HQHU
“LYa0H 9% ¢ OHO %° OH9 ¢° DHI9»°° DHI9DQ®B°° OH9 ZLWK PP $OXPLQLXP *HQHUDWHG SDUWLFOHYV
»> 3URWRQV :RUOG PDWHULDO * B*DODFWLF YDFXXP S$OXPRQEWRPR&LHOGLQJ PP



'LVFEXVVLRQ RI SHVXOWYV

'"LVFXVVLRQ RISHVXOWYV

7KH DQDO\WVHV LQ WKLY FKDSWHU VXFFHVVIXOO\ SURGXFHG WKHRUHWLF
WKH PDLQ FKDOOHQJH WKDW FXUUHQWO\ SUHYHQWY WKHLU SUDFWLFDO
%DFNZDUGV 3URSDJDWLRQ OHWKRG ZDV GHYHORSHG DQG VKRZQ WR EH H
EHDPV +RZHYHU LWV OLPLWDWLRQV LQ D UHDOLVWLF LVRWURSLF HQYL
PRUH EDVLF XQLW RI GHSRVLWHG HQHUJ\ OHG WR PRUH IXQGDPHQWDO L'
LQKHUHQWDPELJXLW\LQ WKHUHODWLRQVKLSEHWZHHQ GHSRVLWHG HQH
WKLV ZLWK WKH GLVFUHSDQF\LQ PHDVXUHG /(7 DQG GHSRVLWHG HQHUJL
WKH 73; VDWHOOLWH GDWD 7KHUHIRUH WKHVHILQGLQJV GHPRQVWUDW
LQ SULQFLSOH FDQQRW EH SUDFWLFDOO\DSSOLHG XQWLO WKH IXQGDPF
VROYHG



&RQFOXVLI

7KHREMHFWLYH RI WKLV WKHVLV ZDVWRLQYHVWLIJDWHDQG GHYHORS FR
VKLHOGLQJ RQ SURWRQ UDGLDWLRQ PHDVXUHG E\ WKH 7LPHSL][ GHWHFW
WKHVH HIIHFWV D *HDQW ORQWH &DUOR VLPXODWLRQ RI WKH GHWHFWR
GHYHORSHGDQGYDOLGDWHGDJDLQVWLQ EHDPFDOLEUDWLRQH[SHULPH
WKHVLPXODWLRQV DOORZHG WKHVH VKLHOGLQJ HITHFWV WR EH TXDQWLI
RQWKHLQFLGHQW SDUWLFOHTV NLQHWLF HQHUJ\ 7KLV LV DYDOXHWKH 7
W ZDV IRXQG WKDW UHFRQVWUXFWLQJ WKLV NLQHWLF HQHUJ\ IURP WKH
RXWSXWV IRUD UHDOLVWLF LVRWURSLF UDGLDWLRQ ILHOG LV LPSUDFWL
EHWZHHQD SDUWLFOHYVGHSRVLWHGDQGNLQHWLFHQHUJ\ WKHXQUHOLI
7UbQVvIHU DQG REVHUYHG GLVFUHSDQFLHVY EHWZHHQ VLPXODWHG DQG P
ZKLOH VSHFLILF FRUUHFWLRQ PRGHOV FDQ EH FUHDWHG WKHLU SUDFW|
IXQGDPHQWDO SUREOHP RI XQDPELJXRXV HQHUJ\UHFRQVWUXFWLRQ

$Q\VIXWXUH DWWHPSW WR FUHDWH WKHVH FRUUHFWLRQ IDFWRUV PXVW Il
ZHUH LGHQWLILHG DQG FKDUDFWHULVHG LQ WKLV WKHVLY 5HFRPPHQGD\
LPSURYLQJ WKH ILGHOLW\ RI WKH VLPXODWLRQ DQG UHVROYLQJ WKH PRV
LQFRUSRUDWLQJ WKH H[DFW VDWHOOLWH VKLHOGLQJ JHRPHWU\DQG PRL
VXFK DV WKRVH SURYLGHG E\ 63(19,6 )XUWKHUPRUH UHVHDUFK VKRXO
GLVFUHSDQFLHVY EHWZHHQ WKH VLPXODWHG DQG PHDVXUHG GHSRVLWH!
UHILQLQJ WKH SRVW SURFHVVLQJ RI 7LPHSL] GDWD DQG LQYHVWLJDWLQ
RQ GHSRVLWHG HQHUJ\ )LQDOO\ XVLQJDGGLWLRQDO GHWHFWRU RXWS}
RILQFLGHQFH FRXOG SURYLGH D ZD\WR D PRUH UREXVW HQHUJ\ UHFRQ
FRUUHFWLRQV WR EH SUDFWLFDOO\DSSOLHG



SHIHUHQFH

> @'9%&%0 0,1,3,;73; 'DWDVKHHW

> @DGDYL ) ) 9DOLGDWLRQ RI WKH QHZWUDSSHG HQYLURQPHQW $
$GYDQFHV LQ 6SDFH5HVHBUFK

> @DbGDYL ) ) $GDPV ' 2 DQG :LOVRQ - : 2Q WKH YDOLGLMW

HTXLYDOHQW DSSUR[LPDWLRQ LQ VSDFH UPGLDOWALHRQL\XK & SIDFEH. §H \DHSS OF
+

> @DKDGRUL $ $ 6SDFH UDGLDWLRQ SURWHFWLRQ LQ WKH PRGHUC
FKDOOHIDIGIMDWLRQ 3K\WLFV DQG &KHPLVWU\

> @DVDJOLD 7 %HOO = : 'fDJRVWLQR ' 'UHVVHQGRUIHU 3 9 *LDQL

*HDQW D *DPH &KDQJHULQ +LJK (QHUJ\ 3K\VLFV D @®W5HODWHG $S

> @HUJHU 0 - DQG 6HOW]HU 6 0 7DEOHV RI HQHUJ\ ORVVHV DQC
SRVLWURQV

> @RXUGDULH 6 ;DSVRV 0 DQGOHPEHU 6 7KH 1HDU (DUWK 6SDFI
(((75$16%$&7,216 21 18&/($5 6&, (1&(

> @XFLQRWWD ) $ .LP 0 + < :LOOLQJKDP 9 DQG *HRUJH . $

DQG %LRORJLFDO 2UJDQ 'RVLPHWU\ $QDO\VLV IRU ,QWHUQDWLRQ!
KWWSV GRL RUJ 55 *

@H $QJHOLV $ DQG3LPHQ@WURGXFWLRQ WR 3DUWLFOH BPRGLMWURSD U
HGLWLRQ

\

> @HZLWW - 0 DQG %HQWRQ ( 5 BKLHOGLQJ HIIHFWLYHQHVV $ :
VSDFH UDGLDWLBRS\KUHDELQUDWLRQ DQG ,VRWRSHYV

> @:LWW - 0 DQG %HQWRQ ( 5 6HFRQGDU\ SURWRQ EXLOGXS LG
/LIH6FLHQFHV LQ 6SDFH 5MVHDUFK

> @XUDQWH 0 DQG &XFLQRWWD ) $ 3K\WVLFDO EDVLV RI UDGLDWL
5HYLHZV RIORGHUQ 3K\VLFV

> @RXULH / ) B6TXDUH / $UHQGVH & DQG OVLPDQJD 0 $%3%,
UDGLDWLRQ VKLHOGLQ$3/@ DWE HDNOWK RUELW

> @UDQMD & BUHVHQWDWLRQ DW WK H5%$66+ ({7 RRINNAKKRRSS |, Q

> @®UDQMD & B6ROF - *DMHZVNL - 5XFLQVNL $ 6WDVLFD 3 5\G\JLHL
& &RPSRVLWLRQ DQG 6SHFWUDO &KDUDFWHUL]DWLRQ RI OL[HG 5
'LVFULPLQDWLRQ E\ 4XDQWXP, (P(D7ILMQVEOWWERQR ®Q 1XFDHDMU §FLHQFH

> @XVVHQKRYHQ 0 6 OXOOHQ ( * DQG %UDXWLJDP ' + 1HDU |
GHILFLHQFLHV DV VHSI®YD®&ESH5/(6Q 6SDFH 5HVHDUFK

> @DWKDZD\ ' + 7KH VRODQ FSFHOMHZV LQ 6RODW 3K\VLFV

> @DXJ ( 3URWRQ HOHFWURY ®URRDRPYV UPDKDXRSI K\ \AL F V

> @HOG . ' 6SDFH 5DGLDWLR® BRERRNRLHBEZRDYWIHRQBRXWLFV

> @HULVWFKL +DUG ; 5D\ DQG *DPPD 5D\ %UHPVVWUDKOXQJ 3UR

SURWRQV LQ 6RPEDU )ODUHV



5HIHUHQFHV

> @HVV : 1 (QHUJHWLF SDUWLFOHV LQ G\SKOH H@G® HH @DH) SHOYALHHQ \E |
+

> @H\QGHULFN[ ' D 5DGLDWLRQ EHOWPRGHOOLQJLQ WKHIUDPHZR
IRUHFDVRXQQDO RI $WPRVSKHULFDQG 6RODU 7THHUHVWULDO 3K\VLFV

> @H\QGHULFN[ ' E 5HYLHZ RQ PRGHOOLQQWHW®B W DRQD® ERQUE}
ORGHUQ 3K\VLFV $ %

> @RzZDUG - : - DQG +DUGDJH " O 6SDFHFUDIW (QYLURQPHQW
5DGLDWLRQDQG ,WV (I IHFWV RQ (OHFWURQLF 6\VWHP

> @WVXPXUD < DQG .XGR +  QWHUDFWLRQV % H WZG! HIMALLRGL D W L
$SSOLFDSODRON + 6SULQJHU 6LQJIJDSRUH

\%

@Q\D - DQG 1DJ\ 1 O ,QWHUDFWLRQ RI| 5DIGXAOMIDRQDZAQAG/ K 0
5DGLRFKHFEKDBWHU SDJHV + (OVHYLHU 6FLHQFH

\%

@HFKQHU $ 3DUWLFOH , QW HAMIFAV, .QRICHF LIVRIQ 0 DWW B BWLRQ DQG |

\%

@HZDOGW 5 $ 6RODU (QHUJHWLF3DUWLFOH&RPSRVLWLRQ (QHU
6SDFH6FLHQFHS5HYLHZYV

\%

@LWFKHOO ( )JHYHORSPHQWRIDPLQLDWXULVHG SDWLFORBKDGLDWLRC
WKHVLV ,PSHULDO &ROOHJH /RQGRQ /RQGRQ

\%

@RQWHVLQRY & $ .KDOLG 5 &ULVWHD 2 *UHHQEHUJHU - 6 (SS
%RUHKDP ' 5 3RSRY ' *RUWKL * 5DPNXPDU 1 -RQHV - $ DQG 6FK>
6SDFH5DGLDWLRQ BURWHFWLRQ &8RXQWHUPHDVXUHV LQDODHFURJUDY LW\

> @RWW - + / DQG 'DQLHO - 0 ,QWHUDFWLRQV Rl (OHFWURPDJQF
3DUWLFOHV ZLWK SDONWHED GRQWR®R J\

> @DLWR 0 .RGDLUD 6 2JDZDUD 5 7RELWD . 6RPH\D < .XVXPRWR
+ .RLNH 0 B8FKLKRUL < <DPDQDND 0 OLNRVKLED 5 (QGR 7 .L\
.RGDPD + ODWVXR 6 7DNDPL < 6DWR 7 DQG 2ULPR 6 L QY

PDWHULDO SURSHUWLHV IRU HITHFWLYH NHS®FIHHQP B8 VDI\WL KD & H AW N A\
+

\%

@&53 &RPPHQWDU\ 5DGLDWLRQ 3URWHFWLRQ IRU 6SDFH $F
BUHYLRXV 5HFRPPHRWDRQBQWRRXQFLO RQ5DGLDWLRQ 3URWHFWLRQ DQ

\%

@HZKDXVHU : ' DQG =KDQJ 5 7KH SK\VLFR\ARLSVRQY BOCGNIKHQHE S\
%LRORJ\ 5

> @ 6FLHQFHYVY 1 $ DQG OHGLFHYMWLQJ DW WKH 6SHHG RI /LJKW 7KH 6\
(OHFWURQLF3DUWV 6SDFH 5D G L D W/LKRHQLTHNIWRLGDIOQ @ ARDEBHPU KW X HMY D\
'&

> @]VLPVHN 6 DQG2QDO 0 5DGLDWLRQ $QDO\VLSBRRFHHIBLRWYR 2
Rl WK ,QWHUQDWLRQDO &RQIHUHQFH RQ 5HFHQW $GYDQFIDWHY 6SDFH

*

> @DODQL6HOYDP 7 6KULYDVWDYD 9 DQG &KLQQDHVDNNL 6 , Q)
ZLWK ODWWHU ,Q . XPDU $WDADZERRNEBROWRGLDWLRQ (QY LYURFOXFPHHQW 9RO
SDJHV = 6SULQJHU 6LQJDSRUH OXPEDL

> @RLYH\ & 5%$',$7,21())(&76 ,163%$&( (/(&7521,&6 WK (,52IRUXP 6FK
,QVWUXPHQWDWLRQ

> @XJOLHVH O 3DVVLYH VKLHOGLQJ IRU KX,ROQWIs DEW H [ RIRVUIR IDF
‘RUNVKRS RQ OHWURORJ\IRU $HUR6SBPHHVYHWH R$SHURG6SDFH



5HIHUHQFHV

\Y

@HLW] * DQG +HOOZHJ & ( 6SDFH 5SDGLDWLRQ DQG LWV %LRORJ
3DURGL . DQG 6FKUHLESSOLFHWLRQWRI ODVHU GULYHKDSBMHMLFOH DF
%RFD 5DWRQ &5& 3UHVV 7D\ORU )UDQFLV *URXS

\%

@LPSVRQ - $ (OHPHQWDO DQG LVRWRSLF FRPSRVEQQRQ RI WKF
5HY 1XFO 6FL 8QLWHG GWDWHYV

\%

@SLOODQWLQL 3 ODQQHG H[SORUDWLRQ DQG H[SORLWDWLRQ R

VKLHOGLQJ IRU SURWHFWLQJ DVWURQDXWYV |UR P$ERPDL VW URMBLOWLLFRE
=+

\Y

@SLOODQWLQL 3 &DVROLQR 0 'XUDQWH 0O OXHOOHU OHOOLQ 5 5
DQG 6RUEL 0 6KLHOGLQJIURP FRVPLF UDGLDWLRQIRULQWHUSOD
PHWKR®GLDWLRQ OHDVXUHPHQW YV

> @RZQVHQG / : 6SDFH 5DGLDWLRQ QG ERRRQRP HALVR D SIVIHRQ D X WL F
+ 6SULQJHU ,QWHUQDWLRQDO 3XEOLVKLQJ

> @XUQHU - ( ,QWHUDFWLRQRILRQHHDOWR G KIMUIFRQ Z+ WK PDW W |

> ® - 1ZDQNZR 9 1 -LELUL 1 DQG7 .LR 0 7KH ,PSDFW RI6SDFH 5

RQ6DWHOOLWHY 2SHUDW L R&MLWQHAHODIUW(HDW MK FEBRY DQG 7THFKQRORJLH\

\%

@VKEXUQ 6 $ %ODWWQLJ 6 5 6LQJOHWHUU\ 5 & DQG :HVWRYHU
UDGLDWLRQVKLHOGLQJV\VWHP DQDIOMVARLBIQENWHLY BSERDRBOIRVHBY FK

\%

@DYDFRE 1 =DLQXGLQ $ O0DJGXJDO 5 DQG 1DLP 1 ) OLWLJEL
HITHFWV RQ VDWHOOLWHY DWARZFHDHIGMIQIVELWK/(A( , QWHUQDWLRQDO &
&RQWURO 6\VWHP &RPSXWLQJDQG (QHMHHULDI ,&&6&(

\%

@HLWOLQ & 6SDFH 5DGLBWQRE R R NHI GALQRID § WIHRQ D XW L F V
6SULQJHU ,QWHUQDWLRQDO 3XEOLVKLQJ

\%

@LFDL 6 <DQ ; <XPLQJ / <LJDQJ ' DQG &KXQTLQJ = 3UR
IURP 6SDFH5DGLDWLRQ (QYLURQPHQRYIRQHSPHRIBAUDHVY ODWHULDOV 6
(QILQHHULQJ



([SODQDWLRQ RI

7KLY DSSHQGL[ SURYLGHV D EULHI RYHUYLHZ RI WKH FXVWRP VRIWZDUH C
7TKHFRGHLVRUJDQLVHGLQWR WZR PDLQ SURMHFWY WKH SULPDU\*HDQW
WKH YDOLGDWLRQ VLPXODWLRQ

$ 2YHUYLHZDQG $FFHVYV

7KH FRPSOHWH VRXUFH FRGH IRU ERWK SURMHFWY LV SXEOLFO\DYDLODE
DQG IXWXUH XVH E\RWKHU UHVHDUFKHUYV

$3ULPDU\BLPXODWLRQ 7RKKMWLHWSBRVLWRU\ FRQWDLQV WKH *HDQW DSSC
PDLQ DQDO\VLV RI VKLHOGLQJ HIIHFWV LQ D /(2HQYLURQPHQW

KWWSV JLWKXE FRP 2QQRYGYV 7KHVLVBY9

fT9DOLGDWLRQ6LPXODWLRQ 7KAKLVBHBRDOWEBDW R@WDLQV WKH *HDQ
XVHG WR YDOLGDWH WKH VLPXODWLRQ DJDLQVW JURXQG EDVHG H[SH

KWWSV JLWKXE FRP 2QQRYGY 7KHVLVBY9 BYDOLGDWLRQ

$ 'HSHQGHQFLHV
7R FRPSLOHDQG UXQ WKHVH VLPXODWLRQV WKHIROORZLQJVRIWZDUH H

1$& FRPSLOHU HJ *&& &0ODQJ

Ff*HDQW 9HUVLRQ RUODWHU

15227 'DWD $QDO\VLV )UDPHZRUN 9HUVLRQ RUODWHU

F3\WKRQ [IRUDQ\DQDO\VLV VFULSWYV HJ WKH%DFNZDUGV 3URSDJEL

$ &RGHGH6WUXFWXUH

7TKH*HDQW DSSOLFDWLRQVLQERWKUHSRVLWRULHVIROORZD VWDQGDU
IURP 3K\ VLFVODWWHUV

KWWSV ZzZZ \RXWXEH FRP ZDWFK"Y /[E :=\.H&( OLVW 3//\EJ&8 4&*:J]1
7KH NH\FXVWRP ZULWWHQ ILOHV DUH

F&RQVWUXFWLRQLEKAHY WKHJIJHRPHWU\RIWKHVLPXODWLRQ LQFOXGLQ.
PDWHULDOV



$ &RGHB6WUXFWXUH

FHWHFWRU'WARQHYVY ZKDW WKH VHQVLWLYHGHWHFWRUPHDVXUHV LQ WK

Ff*HQHUDWRUHFEQHV WKH SDUWLFOHVRXUFH HJ PRQR HQHUJHWLFEH
HQHUJLHY SDUWLFOH W\SH HWF

¥3K\VWLFV FFSHFLILHY WKH SK\VLFV PRGHOV XVHG IRU SDUWLFOH LQWH!1
t5XQ FODQDJH WKH GDWD RXWSXWDQG VDYLQJWR 5227 ILOHV

+f6DWHOOLWHBVWHBUW NHFHFWBWHYKHPHDLQILOHWKDWLQLWLDOLVHV DOO
JHRPHWU\ SK\VLFV DFWLRQV DQGH[HFXWHYV WKH HDIQ)® dd £ X0 D W L
RUnpmmBdthgr bbQVLGH WKH EXLOG GLUHFWRU\ RQH FDQ UXQ WKH VLPX



(f[WUD UHV X

7KLV DQQH[ FRQWDLQV VRPH VXSSOHPHQWDU\ ILIJXUHV LQWHQGHG WR V
SUHVHQWHG LQ WKH PDLQ ERG\ RI WKLV WKHVLYVY 7KH SORWYV LQ WKLV D
DQDO\WHYV VXFK DV WKH HITHFW RI VKLHOGLQJ RQ SDUWLFOH LQWHQVLW

FRQGLWLRQV WKDQ FRXOG EH LQFOXGHG LQ WKH PDLQ FKDSWHUV (DFK
SDUDPHWHUV IRU WKDW SORW

JLIXUH %$SDWLDO GLVWULEXWLRQ RI GHW H FW3#°GSSLOLPW UR G HR WRRPVD VKR SODWILRQ IRV ZHUH .
IURP DQ LVRWHREVEKHULFDO VRXUFHVZ)LMDQG‘IQHUVHI@IV\UPU?FD)O]XH]_QLXP VKLHOG EHIRUH
UHDFKLQIVPRHPPT¢ 2P VLOLFRQ GHW H FOMREW LERHW XEHF RORXUEDU UHSUHVHQWY WKH SDUW|

SL[HO

JLIXUH %DPH DVIXUHIRU OH9 BURWRQYV



JLIXUH %DPH DVIXUHIRU OH9 SBURWRQV
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