Effects of permeability and head steepness of groynes on local flow characteristics

Modelling open channel flow for the features of a flexible
groyne

e - il

E. van Alderwegen







Nodelling open channel tlow for
the features of a flexible groyne

Effects of permeability and head steepness of
groynes on local flow characteristics

by
Earvin van Alderwegen

to obtain the degree of Master of Science
at the Delft University of Technology,

to be defended publicly on Monday December 13, 2021 at 14:00 AM.

Student number: 4618521

Thesis committee: Dr. ir. A. Blom, TU Delft, chair
Dr. ir. E. Mosselman, TU Delft, supervisor
Dr. ir. M. Zijlema, TU Delft
Ir. B. Reedijk, BAM Infra, supervisor
External advisor: Dr. ir. R.J. Labeuir, TU Delft

Dr. ir. M. Bahrami-Yarahmadi, Shahid Chamran University of Ahvaz

An electronic version of this thesis is available athtt p: //repository. tudel ft.nl/.

]
TUDelft


http://repository.tudelft.nl/




Preface

Before you lies the master thesis 'Modelling open channel flow for the features of a flexible groyne’
which presents a numerical model for groynes with a permeable characteristic and variable head
slopes. This thesis describes the research work that was conducted to obtain my Masters degree in
Civil engineering at the Delft University of Technology (TU Delft). Over the period from September
2020 to December 2021, | was engaged in researching and writing this thesis as graduate intern at
BAM Infraconsult. Therefore, | would like to thank BAM Infra for facilitating this amazing opportunity
and providing this research with the necessary supervising and data.

First, | would like to thank my daily supervisor from BAM Infra Bas Reedijk who helped me through
the entire process of the research and facilitated me with a great working environment. In addition, |
would like to thank my daily supervisor from TU Delft Erik Mosselman who supported me through the
research with great amount of feedback and discussions if needed. | would like to thank Marcel
Zijlema for his quick commitment for joining the committee and providing me with extra computational
resources. Furthermore, | would like to express my grattitude to Astrid Blom for her analytical
feedback and great organization skills, in which | truly feel appreciated for. Apart from my supervisors,
| would like to express my grattitude to Mohammad Bahrami-Yarahmadi from Shahid Chamran
University of Ahvaz who provided me with extensive experimental data sets and information about the
subject.

Without the help of my supervisors, this report would not be the same.

At last, | would like to give a special thanks to my father and friends who have helped me during the
difficult times and continuous support throughout my education.

| hope that this research will give you some inspiring new insights into the rather unexplored area of
extensive modelling in open channel flow coupled with porous flow for a permeable groyne.

Earvin van Alderwegen
Delft, December 2021






Summary

Recent river programmes have shown that an integrated approach is required for improving multiple
functions such as safety against flooding, riverine nature rehabilitation and maintaining a navigational
water depth. Conventional groynes are typically used to improve functions within the river programme,
whose primary function is to maintain navigational water depth. In addition, the groynes are used to
protect the bank in the river bend and maintain a desirable cross-section of the channel for flood control.

Groynes partly block the wet cross-section of a river, leading to separation flow downstream of the
groyne. Large turbulent structures occur from the separation flow, which is directly related with the bed
shear stresses. Consequently, flow around groynes may give rise to the development of significant local
scour. The most important processes leading to these local scour are the horseshoe vortex system
upstream, vortex shedding at the tip of the groyne and the large turbulent fluctuations in the mixing
layer downstream of the groyne. Hence, investigations for improving alternative groyne configurations
to decrease the maximum local bed shear stresses are interesting to analyse.

The flexible groyne is considered to be an improvement of the conventional groyne due to the
characteristics of the permeability and possibility to increase the steepness of the groyne. Although a
fair amount of research has already been carried out on different groyne configurations, little research
has been carried out on permeability and head steepness. This research aims to numerically quantify
the effects of groyne permeability and head steepness on flow characteristics in an open-channel flow.

The starting point is to apply a suitable software package containing the required implementations
for modelling the flow around a porous, head steep-sloped groyne. The most critical implementations
include non-hydrostatic effects, adapting the large turbulent structures and implementing the porous
zone using a non-linear function. Fluent and OpenFOAM were observed to be capable of implementing
the required processes. From a practical perspective, Fluent was chosen for further modelling.

The validation of the numerical model is executed by using three different experimental studies.
The turbulence closure model is deduced to a Detached Eddy Simulation model (DES) model and the
£ Shear Stress Transport (SST) model. From the literature and the manual, these turbulent closure
models adequately capture the separation flow. By using a sensitivity analysis, it is observed that the
mean flow velocities is captured more sufficiently by using the DES model. In addition, the PISO
algorithm is compared with the SIMPLE algorithm for the pressure-velocity solving method by using
sensitivity analysis. It is observed that the PISO algorithm slightly captures the mean flow velocities
more sufficiently than the SIMPLE algorithm.

The validation of the experimental studies shows that the numerical model has sufficiently agree-
ment with the mean flow velocities. The numerical model tends to underestimate the mean streamwise
velocity slightly. Most of the critical mean flow properties have been observed to be within an RMSE
of 30 % and a PBIAS of 25 %. The Reynolds shear stresses are overestimated and shifted further
downstream than the experimental data set. Eventually, it is indicated that the model can represent
open-channel flow in combination with a porous structure.



Vi Summary

Four configurations were identified for the simulations, varying the slopes between 1:1 and 1:3 and
impermeable and permeable groynes with 60 % porosity. Porous groynes showed a shift of the re-
circulation zone downstream due to the momentum exchange between the flow around the groyne and
through the groyne structure. The shift of the re-circulation zone is also affected by the flow that exits
the porous groyne, decreases the deflection, and induces the re-circulation zone to shift downstream.
Gentle sloped groynes show a shift of the re-circulation zone towards the groyne, which indicates that
the deflection of the flow around the groyne is strong. The flow follows the geometry of the groyne more
smoothly, and thus increased deflection of the flow around the groyne is present.

The mixing layer is observed near the edge of the re-circulation zone. For porous groynes, the
large Reynolds shear stresses are observed in the mixing layer, which is shifted downstream and
reduced compared to the impermeable groynes. The decrease of the Reynolds shear stresses is
rough 10 %. In addition, porous groynes showed a reduction in the development of large eddies in the
mixing layer compared to impermeable groynes. The decrease of the turbulence intensities is due to
smaller velocity gradients, reducing the momentum exchange in the mixing layer. For gentle sloped
groynes, the opposite is observed. The large Reynolds shear stresses are present close to the groyne,
and the significant eddies are mainly observed near the groyne. This is most likely occurring due to
the flow that smoothly follows the groyne’s geometry. The large Reynolds shear stresses are slightly
reduced compared to the steep-sloped groynes, approximately 5 %, which is due to the decrease of the
velocity gradient within the mixing layer. The horseshoe vortex system is observed in the steeply sloped
groyne simulations, however, the intensity is reduced using porosity. The effect of the horseshoe vortex
decreases when momentum exchange is possible with the free flow region and a porous structure.

For a porosity of 60 %, a reduction of roughly 5 % for the peak values of the bed shear stresses
were observed compared with the impermeable groyne. In addition, the bed shear stresses are shifted
downstream compared to impermeable groynes, due to the appearance of the momentum exchange
between the free flow region and the flow through the porous structure. Decreasing the steepness of
the slope from 1:1 to 1:3 showed minor decreases of the bed shear stresses.

Comparing the flexible groyne with the conventional groyne, it is observed that the porosity of the
flexible groyne reduces the intensity of the re-circulation zone because of the appearance of the mo-
mentum exchange between the free flow region and the porous structure. In addition, the deflection
is reduced for the main flow for an increase of the porosity. These observations are also shown ex-
tensively for the multiple groynes. The simulation for the multiple series of flexible groyne shows a
significant difference in the appearance of the re-circulation zone. The re-circulation zone is very much
present for the conventional groynes, however not that significant for the flexible groynes. In addition,
both the Reynolds shear stresses and bed shear stresses are observed downstream for the flexible
groynes compared to the conventional groynes. The peak values are roughly similar.

Porosity decreases the maximum values for the Reynolds shear stresses and slightly decreases the
bed shear stresses. Both properties are shifted downstream for an increase in porosity. A decrease
in the slope (from 1:1 to 1:3) reduces the maximum values of the Reynolds shear stresses as well.
However, this is less remarkable for the bed shear stresses. Most turbulent properties and bed shear
stresses are observed more towards the groyne structure. Hence, it is observed that the flexible groyne
significantly affect the flow properties and shifts the turbulence and bed shear stresses downstream of
the groyne. Therefore, stability failure due to scour near the groyne is less expected to occur.
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1 Introduction

1.1 Background

The biodiversity in the Dutch rivers is increasing, and a more natural landscape is achieved thanks
to large-scale measures such as Room for the River, Natura2000 and Water Framework Directive
(SSRS, 2020). However, these recent programmes increasingly lead to essential conflicts between
safety against flooding and riverine nature rehabilitation with the navigational water depths. Hence,
an integrated approach for improving the management of the river within these programmes (Havinga,
2020) is required. Furthermore, rivers are under pressure by climate change, tight budgets of the
maintenance and management department for rivers and high demands from the society to respond to
current local developments in the area. Therefore, the Self-Supporting River System (SSRS) is called
out upon to search for potential, renewable, and affordable measures to manage the river system. One
of the main issues in a river system is the difficulties related to the deposition and transport of sediment
in rivers. Too much sediment deposition can hinder the navigation channel by reducing water depths,
while sediment shortage may result in bank erosion. Building with nature and balancing the river in the
long term should be the main focus of this issue. Hence, the optimizations of groynes can be one of
the solutions to solve these sedimentation difficulties (Przedwojski et al., 1995).

Groyne structures are placed transverse to the river’s flow direction and are commonly used for river
training (Przedwojski et al., 1995). Accordingly, the primary purpose of a groyne is maintaining a navi-
gational water depth, the protection of the bank by reducing erosion and maintaining a desirable cross-
section of the channel for flood control (Yossef, 2002). Groynes partly block the wet cross-section of a
river, leading to a flow pattern that is highly influenced by large turbulent structures (Uijttewaal, 2005).
The flow behaviour may lead to various negative processes and consequently develop significant local
scours. A negative effect of local scours is the stability failure concerning the groyne structure (Zhang
& Nakagawa, 2008). The most important processes leading to these local scours are the horseshoe
vortex system upstream, vortex shedding at the tip of the groyne and the large turbulent fluctuations in
the mixing layer downstream of the groyne (Ettema & Muste, 2004), (Koken & Constantinescu, 2009)
and (Jeon et al., 2018). More precisely, the area around the tip of the groyne and in the mixing layer
has the highest bed shear stresses contributing to the erosion of the bottom material (Duan, 2009),
consequently resulting in local scour holes.
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Figure 1.1: Side views of a conventional groyne construction and a flexible groyne construction with standard measures in meters
(figure by author)
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Figure 1.2: Cross-section of a conventional groyne construction and a flexible groyne construction with standard measures in
meters (figure by author)
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Nowadays, conventional groyne structures in the Netherlands are made of a sand core with several
layers of different stone sizes on top (Jansen et al., 1979). Besides, fascine mattresses are used to
maintain the stability of the groynes by preventing erosion directly around the groynes. A standard
type of construction for a groyne is shown in Figure 1.1a and Figure 1.2a. The figures show that the
construction work is time-consuming and labour-intensive, due to the amount of material and order of
steps in constructing the groyne (Bradbury et al., 2003). Nonetheless, the main problem related to
conventional groyne constructions is the development of local scour holes, which could lead to failure
of the groyne. Therefore, optimizations of this kind of structures have often been studied.

Groynes made of one material may optimise conventional groyne structures and could benefit in
the development of local scours. This idea was conceived in part of the SSRS programme from the
executive agency of the Dutch Ministry of Infrastructure and Water Management, in which the so-called
flexible groyne is made of only x-stream blocks as shown in Figure 1.1b and Figure 1.2b. This groyne
structure essential characteristics are it's permeability and the possible use of steep slopes without bed
protection. Besides the benefit of the potential decrease of the local scour holes; also ecological added
values to the river can emerge by creating habitat. Additionally, the flexibility of the placement of the
structure is also a minor advantage. SSRS would like to develop such solutions. Therefore in 2016, a
report about this flexible groyne was written by Wetser (2016). In this document, a design for the pilot
project in the IJssel was suggested, and the characteristics of the flexible groyne were investigated
using scale models. Nowadays, the pilot project is located near Kampen in the IJssel and is installed
with modified lengths compared to conventional groynes. The length of flexible groyne in the outer
bend will be extended in the near future, so existing data may be used for further investigation.

Differences in groyne geometry and permeability result in non-uniform behaviour of the flow around
the groyne. These alternative designs aim to reduce the velocity gradients. Hence the bed shear
stresses around the groyne construction without disrupting the main channel’s mean flow velocity. Side
slopes reduce adverse pressure gradients in the direction perpendicular to the core of the vortex, and
thus turbulent structures may be reduced Uijttewaal (2005), Koken & Constantinescu (2014). The
reduction of the bed shear stresses is also observed for reducing the scour hole by using more gentle
slopes Melville (1992). However, it appears that the decrease of the local scour with more gentle slopes
becomes relatively low after an angle of 1:1. Regarding the permeability of a groyne construction, an
increase of the permeability results in a linear decrease of the large turbulent fluctuations and local
scour depths Kang et al. (2011b), van der Wal M. (2020). Furthermore, the absence of a bed protection
results in a decrease of the local scour depths van der Wal M. (2020) but could lead to failure of the
structures’ stability.
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1.2 The problem

Different investigators have already studied the hydrodynamics and morphology in rivers for various
configurations of groynes Kang et al. (2011b), Yeo et al. (2005), Uijttewaal (2005), Ghaldarbandi et al.
(2013), Mansoori (2014), Saberi & Galoie (2017), Bahrami Yarahmadi et al. (2020). Similarly, studies
have been carried out for groyne configurations in coastal waters Raudkivi (1996), Trampenau et al.
(2004), Zhang (2020). Most of these studies supported the known physics and processes by using
numerical models and scale models. Although a fair amount of research has already been carried out
on different groyne configurations, plenty of research is still missing for detailed groyne configurations
and their local effects. In particular, flow around permeable, sloped groynes modelled as porous media,
coupled with the free-surface flow, have not been investigated extensively. Consequently, detailed flow
characteristics for the flow around and through permeable, sloped groynes is limited Igbal et al. (2021).

Important aspects of the flow features are large turbulent structures, which is still profoundly in-
vestigated. Large turbulent fluctuations around the groyne lead to significant bed shear stresses and
develop extensive scour holes Duan (2009). Extensive local scour holes could result in failure of the
structure’s stability Zhang & Nakagawa (2008). These large turbulent fluctuations are typically present
just upstream of the groyne, around the tip of the groyne, and downstream of the head of the groyne
construction, in the mixing layer Duan (2009). Therefore, investigating new alternative groyne config-
urations for decreasing the maximum local bed shear stresses without losing the primary function is
worthwhile to study.

1.3 Objective and Research questions

This study focuses on the flow characteristics for various groyne properties based on the flexible groyne.
The notable features of the flexible groyne are adapted to the groynes’ head slope and permeability.
This research aims to numerically quantify the effects of permeability and head steepness of groynes
in an open channel flow on the flow characteristics. Consequently, obtaining more insight into the
hydrodynamics of the flow around these particular groynes.

The main research question is proposed as:
"What are the effects of permeability and head steepness of groynes on flow characteristics?”

The sub questions assists in creating a satisfactory conclusion for the research. Therefore, five
different questions are identified:

» What are the required capabilities of the software package, and what software package satisfies
these requirements?

* How capable is the chosen numerical model to represent flow around and through a porous
groyne?

» How do permeability and head steepness of groynes affect macro-turbulent structures?
* What are the effects of permeability and head steepness of groynes on bed shear stresses?

» How does the flexible groyne improve the flow characteristics compared to a conventional groyne?
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SHVHDUFK PHWKRG

1XPHULFDO PRGHOOLQJLV XVHG IRUWKH YDULRXV JUR\QH FRQILJXUDWLRQ
O\][LQJWKH K\GURG\QDPLFVDURXQGDJUR\QH +HQFH D SURFHGXUHLV HVYV
QXPHULFDO PRGHO WKDW LQFOXGHV HVVHQWLDO SURFHVVHV 7KHILUVW V
DERXWJUR\QHPRGHOOLQJUHJDUGLQJWKH SRURXV VWUXFWXUH 6XEVHTX
IHUHQW SURFHVVHV UHTXLUHGLQ WKHQXPHULFDOPRGHO 7KHOLWHUDWXL
DUH XVHG WR YDOLGDWH WKHLPSRUWDQW SURFHVVHV ZLWKLQ WKH QXPHU
LVYHULILHGIRUVLPXODWLQJ WKUHH FULWLFDO DVSHFWYV WKH ODUJH WXU
WKH FRXSOHG V\VWHP IRU WKH SRURXV PHGLD ZLWK WKH IUHH VXUIDFH IOR
JUR\QH 6XEVHTXHQWO\ FRPSDULQJWKHGDWDRIWKHVLPXODWLRQV ZLWK
DERXW WKH QXPHULFDO PRGHOYV SHUIRUPDQFH

$IWHU WKH QXPHULFDO PRGHO KDV EHHQ YHULILHG DQG YDOLGDWHG W
FRQVLGHUHG IRU WKH YDULRXV JUR\QH FRQILJXUDWLRQV 7ZR VSHFLILFDV
WKH VWXG\ WKH WXUEXOHQW SURFHVVHV DQG WKH EHG VKHDU VWUHVVHYV
KHDG VWHHSQHVV RI WKH JUR\QH $GGLWLRQDOO\ WKH UHVXOWV DUH FRP!
JUR\QH LPSURYHV LQVWHDG WKH FRQYHQWLRQDO JUR\QH (YHQWXDOO\ W
LQVLIJKW LQWR WKH HIITHFWV Rl SHUPHDELOLW\DQG KHDG VWHHSQHVV RI Wk

7TKHVLV RXWOLQH

7TKHWKHVLVY FRQVLVWYV RI D OLWHUQ WKIUFKUMHKYH MKH®R EKWIWBIO EDFNJURXQ
WRGHWHUPLQH WKHUHTXLUHG SURFHVVHVIRUPRGHOOLQJIORZDURXQG S}t
DIJHLVLGHQWLILHZL WK&KIOB WHTUXLUHG SURFHVVHYV 1H[W DPRGHOLV FUHD
SDFNDJH ZKLFK LV YDOLGDBWWGCOMVERKDWMWHYDOLGDWHG PRGHO DUH VKRZQ
ODWLRQV LQ ERWKER&ERBSWHH UHV XOWY DUH GLVFXM\QHD®DIOQ MKDLSMUHHNVHD U F |
LV ZUDSSHG XS E\WKHFRQFOXVLRQDQG UHFRPPHQGDWLRQV
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DURXQG JUR\QH VWUXFWXUHV 7KH IRFXV LV RQULYHU PRGHOOLQJ L«
IORZ SDWWHUQV DQG ORFDO VFRXUDURXQG JUR\QH VWUXFWXUHYV :LWI
HIHFXWHG IRUGHYHORSLQJLPSURYHG UHODWLRQV IRUHPHUJHG JUR\C

&SRQYHQWLRQDO JUR\QH VWUXFWXUHV

*HQHUDO

S5LYHU WUDLQLQJLV WKH WHUP IRUPDLQWDLQLQJ WKH GHVLUHG FURV\
XODWLQJ WKH ULYHU IORZ ,Q JHQHUDO ULYHU WUDLQLQJ ZRUNYV FDQ |
FKDQQHO UHJXODWLRQ IRUKLJKDQG ORZ GLVFKDUJHV GLVFKDUJH UH.
DQG IORRG SURWHFWLRQV +RZHYHU QDWXUDO SURFHVVHV DQG KXPD¢
QRQ HTXLOLEULXP RXWFRPHYV 7KLV DIIHFWV WKH VWDELOLW\ RI WKH
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DUH ZLGHO\ XVHG LQ WKW HIBWRMVID Q @\D O

7KH DGYDQWDJHV RI JUR\QHV DUH VWLPXODWLQJ HURVLRQ LQ WKH Q
WKHRXWHU EDQN DQGIORRG FRQWURO E\PDLQWDLQLQJWKHGHVLUHG
FRQVLGHUDWLRQV DUH PDGH WR RSWLPL]JH WKH HIIHFW Rl WKH JUR\QHYV
IRU JUR\QHV DUH WKH SODQ YLHZ VKDSH WKH OHQJWK RI WKH JUR\QH
RULHQWDWLRQ WR WKH IORZ FUHVW HOHYDWLRQ DQG VORSH FURVV V
<RVVHI

&RQYHQWLRQDO JUR\QH VWUXFWXUHV LQ WKH 1IHWKHUODQGYV DUH P
D FRUH RI VDQG DQG SODFHG RQ D IDVFLQH PDWWUHVVY $OVR WLPEHL
WUDQVLWLRQ ZLWK WKH ZDWHU VXUIDFH I-DW WH® &\ | DHOWHKGIVWODL FIDO F
OHQJWK RI JUR\QHV LV GHSHQGDQW RQ WKH GHVLUHG ZLGWK DQG GHS
VSDFLQJ EHWZHHQ JUR\QHV LV DURXQ8G MWR/ HWD B @YRSHW OYIDQIEKW ZH

WR <RVVHI ZLWKDPLQLPXP FUHVW ZLGWK Rl P DQG WKH KHLJK
FORVHDERYH WKH \HDUO\ D Y8H WD\IW I8 ZIDDADHU OHY H O

1HZ GHVLJQV RI JUR\QHV DUH VWLOO EHLQJ LQYHVWLJDWHG WR LPSI
FRQVHTXHQFHVY VXFK DV ORFDO VFRXUV DQG ODUJH WXUEXOHQFH VWU X
WKH SURSHUWLHV RI WKH IOH[LEOH JUR\QH DUH XVHG IRU D QHZ VWUXF
WHULVWLFVY WKDQ FRQYHQWLRQDO JUR\QH VWUXFWXUHY 7KH IOH[LEO
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FDQ EHDSSOLHG XVLQJ YDULDWLRQV RI WKHKHDG VWHHSQHVYV ZKLOH F



&RQYHQWLRQDO JUR\QH VWUXFWXUHYV

%HIRUH VWXG\LQJ WKH YDULRXY SURSHUWLHYV RI WKH IOH[LEOH JUR\QH
DERXW WKHFRQYHQWLRQDO JUR\QH VWUXFWXUHV LVJLYHQLQ WKHIROORZ

+\GURG\QDPLF HIITHFWV RI JUR\QHV

Y)ORZ SDWWHUQV DURXQG JUR\QHYV DUH LQIOXHQFHG E\ WKH ODUJH WXUEX
H[FKDQJH EHWZHHQ WKH JUR\QH ILHO G BQ B W\ H ZI0TK 7 KHVY ® 9@/ LORZIOR Z
UHJLRQV DIIHFWHG E\ JUR\QHV DOUHGVIHHBRIH) LHRQWKW DO O\ LQGLFDWHG DV Wi
JRQH XSVWUHDP RI WKH JUR\QH WKH PL[LQJ]JRQH DQG WKH UHFLUFXODWLR
3DLN B6RWLURSRXORYV

JLIXUH JORZ FKDUDFWHULVWLFV ZLWK UHDWWD FKP-HKQ@W 5 RLNDUDZD JUR\QH FRQVWUXFWLI

YORZ G\QDPLFV DURXQG JUR\QHV

,PSRUWDQW H[SHULPHQ\&DNOWWHKBGLBWWNFR DWVXVWSHDMDUDWQDP 1ZDFKXNZ

.RNHQ &RQVWDQWLQHMFX -HRQHW DODQG QXPHULFDO VWXGLHV VX
DWBDLN 6RWLURSRXRRNQ &RQVWDQWLQHVFX KDYH H[DPLQHG WKH WXU
EXOHQW DQG PHDQ IORZ SURSHUWLHY DURXQG VLQJOH JUR\QHV DQG KDYH
IORZ DURXQG WKH JUR\QH 7KHIORZDURXQG D VLQJOH VWUDLJKW JUR\QH L
TXDVL SHULRGLF UHFLUFXODWLRQ JRQH GXHWIRNWIKRWGYRER KSR VVXUH J
7KH IRUPDWLRQ RI WKH KRUVHVKRH YRUWH[ DW WKH EDVH RI WKH JUR\QH L«
IORZ FDXVHG E\ YHUWLFDO SUHVVXUH JUDGLHQWYV DQGRWKHL @RBUDFWLRQ
VWDQWLQHVFX$ GHYHORSPHQW RI D UHFLUFXODWLRQ JRQH GHRQWR FRQW U|
HW DO $ WXUEXOHQW PL[LQJ OD\HU RUGHWDFKHG VKHDU OD\HU EHWZH
WKH PDLQWARRZPD OXVW.RNHQ &RQVWDQWLQHYRXWH[VKHGGLQJDW WKH Kt
RI WKH JBRLQO\H 6RWLURSRXDKRIVPRVW H[WHQVLYH IORZ SDWWHUQV DUH WKH
IRUPDWLRQ GHWDFKHG VKHDU OD\HU DQG YRUWH[VKHGGLQJ DW WKH KHDG
EHG VKHDU VWUHVVHY DQG ODUJH VFDOH WLPKDEHSHQGHQW WXUEXOHQW \

$VDOUHDG\VWDWHG WKHPRVWH[WHQVLYHIORZSDWWHUQV DUHLQGLEE
GHWDFKHG VKHDU OD\HU DQG WKH YRUWH[VKHGGLQJ 7KHPHDQIORZ WXUE
VKHDU VWUHVVHV LQGLFDWH WKW X U E R OMKQHY HORZHD M OIGW KDV EHHQ FRQ
WKDW WKH EHG VKHDU VWUHVVHY FDOFXODWHG IURP WKH 5H\QROGV VKHTE
WLPHVY ODUJHU WKDQ WKHDSSURDFKHG'KID® VKHDIWUNWRBYNVKWN® ¥HH\HRO GY
VKHDU VWUHVVHV LV FRPSDU®DEIO$HQW R ¥ K HFKHMX®WED WHG WKDW WKH PRVW
IOXFWXDWLRQV UHPDLQ LQ WKH PL[LQJ OD\HU IRU WKH GRZQVWUHDP SDUW
%DVHG RQ WKH EHG VKHDU VWUHVVHY DQG WXUEXOHQW SURSHUWLHV WKH
IORZ FKDUDFWHULVWLFV DURXQG JUR\QHYV



ILWHUDWXUH UHYL

JLIXUH JORZILHOGIRUD VHULHV RIJUR\QHV LQ D VWUDLJKW FKD Q®&HONEW XY DQ D H[\&HLO

JLIXUH JORZ FKDUDFWHULVWLFV IRUD KRBU]IRQWDO FRQVWULFWLRQ ILIXUHIURP

+\GURG\QDPLFVIRUPXOWLSOH JUR\QHYV

OXOWLSOH JUR\QHV OHDG WR GLITHUHQW IORZ EHKDYLRXU FRPSDUHG W
H[SHULPHQWDO LQYHVWLJDWLRQV REVHUYH YDULRXV8QRW IVE@ D B B KDWY

"HLWEUHFKW HWRDWHI GH9ULHQ@®&LFKLVDOVRREVHUYHG E\QXPHL
JDWLRQV H[DPLIHGCHW DO 7KH PDLQ GLIIHUHQFH EHWZHHQ D VHULHV R1J
JUR\QH LV WKH IORZ HIITHFWV Rl GRZQVWUHDP JUR\QHV DQG WKH GHYH
VWUHDP JUR\QHV KDYH UHODWLYHO\ PLQRU IORZ EHKDYLRXU WKDQ WK
DUH REVHUYHG ZLWKLQ WKH JUR\QHSILMW & HZ DDLU B R/ODAM L RAH ] RQLH Q G

7KHVH HGGLHV DUH QRWLFHQ Z®HAKD IQIXWH SULPDU\HGG\DQG D
FRXQWHU URWDWLRQ DUH YLVLEOH LQ WKH GRZQVWUHDP SDUW RI WKF
GULYHV WKH ZKROH UHFLUFXODWLRQ JRQH WKURXJK WKH GHWDFKHG V'
WLPH GHSHQGHQW WX UERYNGOFH VW UXEMXEQHDUWLFEXODU D VHULHV F
ZLWK H[SOLFLW JUR\QH ILHOGV UHVXOWV LQ GLIIHUHQW IORZ FKDUDFW
REVHUYHG ZKHQ PRGHOOLQJ D VHULHV RI JUR\QHV



&RQYHQWLRQDO JUR\QH VWUXFWXUHYV

+\GURG\QDPLFVLQULYHUEHQGYV

/IDUJH IORZ YHORFLWLHY QHDU JUR\QHV WA\SLFDOO\RFFXU LQ WKH PDLQ FK|
WKHJUR\QH ILHOG WKHIORZ YHORFLWLHVY DUHVPDOO *HQHUDOO\ JUR\QF
LQZKLFK WKH ODUJHIORZ YHORFLWLHVY DUH SUHVHQW LQ WKH RXWHU VLGH
RIVHFRQGDU\IORZ HITHFWYV D Q GCGHRAIHWQEHDWY FEDRFHW\JUR\QHY ORFDWH
LQ WKHRXWHU EDQN RI WKHULYHU OHDG WR D VKLIWRIWKHODUJHIORZ YH(
WKH ULYHU VHFWLRQ 7\SLFDO JUR\QH H[SHULPHQWYV UHVXOMWH®JIDLAQ) WKHV

DQ@EHKUDHLQ HWDQ JHQHUDO WKHVWXGLHV VKRZWKDW WKHIORZ FKD
WKHUDGLXV RIWKHEHQG

ORUSKRORJLFDO HIITHFWV RI JUR\QHYV

$ SURWUXGLQJ VWUXFWXUH VXFKDVDJUR\QHLQ D ULYHU UHVXOWY LQ DGM
FRQILIXUDWLRQV OLNH VFRXU ([FHVVLYH VFRXU LV RQH R¥R\DKHIPDMRU FD
1DNDJDZD DQG WKHUHIRUH DQ HVVHQWLDO DVSHFW LQ GHVLJQLQJ JUR
FKDUDFWHULVWLFVY DQG PRUSKRORJLFDO G\QDPLFVY DVVRFLDWHG ZLWK W]
UHYLHZHG EHIRUHLQYHVWLIJDWLQJ WKHIORZFKDUDFWHULVWLFV IRU YDUL

6FRXU DURXQG JUR\QHYV

8VXDOO\ FKDQJHV LQIORZ SDWWHUQV DQG PRUSKRORJLFDO FRQILJXUDWL
JHQHUDOO\ GLYLGHG LQWR WZR FDWHJRULHYV LQ WKH SUHVHQFH RI D JUR\Q
=KDQJ 1DNDJDZD:KHQULYHUEHQGVDUHSUHVHQW DGGLWLRQDO VFRXUYV (
ZKLFK LV FDOOHGYHHOGMFROXUJ0O &RQVWULFWLRQ VFRXULV D FRQVHTXHQFH
WKHULYHUOHDGLQJWRXSVWUHDP VWUHDPOLQHVFRQYHUWLQJLQWR YRUYV
YRUWLFHV DW WKH ERWWRP FDXVHV VFRXHRXIPDWUVHDR BRK MBW VRPYWUXFWL
LQ)LIXUHRFDO VFRXU LV GLUHFWO\ LQLWLDWHG E\ WKH FKDQJHV LQ WKH I(
=KDQJ 1DNDJDZD

JLIXUH SBURWUXVLRQ VFRXU GXH WR KRUK]RIQRDIY/ FRAVWHILMWLRQ ILIXUH IURP



ILWHUDWXUH UHYL

6FRXULV JHQHUDOO\H[SUHVVHG LQ VHGLPHQW WUDQVSRUW ZKLFK L
VWUHVVHVY DQG PHDQ PORD YPRQRFHWIRMKWLVRKRLGHY HRNH® &ROQ

VWDQWLQHVAFRZHYHU WKLV FRQFHSW LV LGHQWLILHG WR EH LQVXIILFL
DURXQG JUR\QH OLNH VWUXFWXUHV LQ ZKLEKWXRERQ B E W HE\E KDY L R X L
ODWLRQV DUH REVHUYHG IRU EHG VKHDU VWUHVVHY DQG WKH VFRXU G
XVHG IRUDQ LQGLFDWLRQ RKWXH VIFRVXOU CHBEWRRWKHU LQGLFDWLRQ I
KROHV DURXQG JUR\QHV DEXWPHQWY DQG RWKHU SURWUXGR QD RW U X I
OHOYLOOKWDQ GHU :DO 0 7KH VKDSH IDFWRU LV DQ HPSLULFDO H[SUH\
WKH LQIOXHQFH RI WKH VKDSH RI WKH JUR\QH (YHQWXDOO\ PDQ\ VWXC
VFRXU GHSWKV DURXQG JUR\QHV 2QH RI WKH LQGLFDWLRQV IRU WKH \
WKH HTXLOLEULXP VHGLPHQW WUDQVSRUW PRGHO LV VKRZQ LQ )LJXUH

JURP)LIXUHW FDQ EHVHHQ WKDW WKH PD[LPXP YDOXHV IRUWKH VFRX
UHODWLYH GHSHQGDQW RQ HDFK RWKHU +HQFH WKH PD[LPXP VFRXU L
KDYH RIWHQ EHHQ VWXGLHG 7KH PD[LPXP EHG(WWHDRDVWXEXNWHHYV REV
+LJKDP HW DOKDYH VKRZQ WKDW WKH DUHDV XSVWUHDP DURXQG WKH J
KDVUHVXOWHGLQWKHPRVWVLIQLILFDQWEHG VKHDUVWUHVVHYV 7KH)\
K\GURG\QDPLF SURFHVVHV DIITHFWHG E\ JUR\QHV QDPHO\ WKH KRUVH
VKHDU OD\HU DQG WKH YRUWH[ VKHGGLQJ DW WKH WLS RI WKH JUR\QH
FRUUHODWHG ZLWK WKH ODUJHVW VFRXU KROH GHYHORSPHQWY DV VW

JLIXUH 6FRXU DURXQG DQ LPSHUPHBEDRJURDQBJIDZIXUH IURP

%HG VKHDU VWUHVYV

TXUEXOHQW SURSHUWLHV DUH XVHG IRULQGLFDWLQJ WKH WXUEXOHQYV
WKH EHG VKHDU VWUHVVHVY OXOWLSOH RSWLRQV DUH SRMYR & HHRVVWR G

LWLV VKRZQ WKDW 5H\QROGY VKHDU VWUHVVHY DUH REVHUYHG W
VKHDU VWUHVVHV ZLWK JUHDW DFFXUDF\LQ D VLPSOH ERXQGDU\OD\HU
VKHDU VWUHVVHV LV VWDWHG LQ WKH $SSHQGL]



&RQYHQWLRQDO JUR\QH VWUXFWXUHYV

ORUSKRORJLFDO HITHFWV LQULYHU EHQGYV

7\SLFDOO\ JUR\QHVDUH SODFHG LQULYHUEHQGY ZKHUHH[WHQVLYH HURYV
HYHU DUHGLIITHUHQWLQULYHU EHQGVY FRPSDUHG WR D VWUDLJKW RSHQ FK
EHDQLPSRUWDQW DVSHFW IRU VWXG\LQJIORZ FKDUDFWHULVWLFV :KHQ F
EHQG WKHEHKDYLRXURIWKHULYHUUHVSRQGYV GLITHUHQWO\E\WKH FRPE!
GRZQVWUHBDBMIODRAHQG HW DRH HIWHQVLYHIORZ YHORFLWLHV KDYHPRYHGP
ULYHUTV RXWHU VLGH DQG OHG WR EHQG VFRXU FRPELQHG ZLWK GHHSHQL(
FDVHV ZLWK JUR\QHV LWLVREVHUYHG WKDWULYHUEHQGYVY ZLWK D ODUJH U
EHQG VRMRDXUGHU :DO 0 $FFRUGLQJO\ QHJOHFWLQIJWKHVHFRQGDU\NIORZTV ¢
QHDU JUR\QHV LV DFFHSWDEOH IRUPLQRUULYHUEHQGY %HQGLQJLV WKH!
WKLV UHVHDUFK

ORUSKRORJLFDO HITHFWV IRUPXOWLSOH JUR\QHYV

%HVLGHVY WKHIDFWWKDWJUR\QHVDUHORFDWHGLQEHQGY WKH\DUHDOVR
GHSWK IRUD VHULHV RI JUR\QHVY EHKDYHV GLIITHUHQWO\WKDQ VFRXU IRU V!
JUR\QHV LV VHHQ DVD FRQVWULFWLRQ ZKLFK W\SLFDOO\ HRVXBOWY LQ EHG

=KDQJ 1DNDJDZD+RZHYHU D VOLJKW FKDQJH RIEHKDYLRXU LV REVHU
HITHFWV RI JUR\QHV DJDLQVW ORQJ FRQVWULFWLRQV +HQFH D PXOWLSOL
UHVSRQVH WR JUR\QHV EDVHG RQH[SHULKRQWNIIRBD V@ BIPS\L. BLB D R\IQHV
SUHVVLRQ BYMMGFHARMVNL HW/OFRQFOXGHG LQ WKHVH H[SHULPHQWYV JUR\(
VSDFLQJOHDG WR H[WHQVLYH GHJUDGDWLRQ 7KLY GHJUDGDWLRQLV PRUH
WLRQ ,Q FRQWUDVW JUR\QHV ZLWK ODUJH VSDFLQJ OHG WR OHVV ULYHU G|

7TKHIORZ FKDUDFWHULVWLFV DUH DITHFWHG E\ WKH VSDFLQJ EHWZHHQ J
VFRXU DQG GHJUDGDWLRQ ,PSRUWDQW WR FRQFOXGH IURP WKHVH UHVHLI
YDULRXV HITHFWV RQ K\GURG\QDPLFV DQG PRUSKRORJ\ 7TKHUHIRUH WKH V!
WKHFRQILIXUDWLRQVIRUD VHULHV RIJUR\QHVWRDYRLG XQQHFHVVDU\ HJ\
WKXV WKHEHG VKHDU VWUHVVHV

&RQYHQWLRQDO JUR\QHV KDYH EHHQ LQYHVWLJDWHG KHDYLO\ +RZHYH
PRUH LQVLJKW LQ WKH IORZ FKDUDFWHULVWLFV IRUWKH SHUPHDELOLW\ DC
SDUW RI WKH OLWHUDWXUH UHYLHZ ZLOO LQFOXGH WKHLQIRUPDWLRQ NQR?Z
RIJUR\QH FRQILIXUDWLRQV



ILWHUDWXUH UHYL

9DULRXV JUR\QH VWUXFWXUHV

*HQHUDO

7TDEOHDQG 7TD)EOHRP WKH DSSHQGL[VKRZ YDULRXV VWXGLHV ZKLFKLQY
GLIITHUHQW FRQILIJIXUDWLRQV RIJUR\QHYV )UHTXHQWO\ VWXGLHV KDYH
WLRQVLQULYHUV ZKHUHVFRXUDQG FRQVHTXHQWO\ ODUJH WXUEXOF
&RQILIXUDWLRQ SDUDPHWHUYV DV DQJOHV HPHUJHG DQG VXEPHUJHG
VSDFLQJ VORSHV RUKHDG VKDSHVY KDYHDOO EHHQLQYHVWLJIJDWHG (
ILJIXUDWLRQV IRFXVLQJRQ RQH VSHFLILFHOHPHQW +RZHYHU WKH\ KD
OLPLWDWLRQV RUKDYH VSHFLILFHQYLURQPHQWDO FRQGLWLRQV ZKLF

7KHIOH[LEOH JUR\QH KDV QRWDEOH FKDUDFWHULVWLFV RI SRURVLW

IRUWKH VKDQNDQG KHDG RI WKHJUR\QH 7KHVH FRQGLWLRQV DUH L
FRQFOXGHG LQ WKHIROOPRRIXNJ VHFWHRQRY WKLY UHYLHZ WKHLPSRUWL
K\GURG\QDPLFDQGPRUSKRORJLFDOHIIHFWV DUHXVHGIRUREWDLQLQJ
IRUWKHHIIHFWYVY RI SHUPHDELOLW\DQG KHDG VWHHSQHVV RI JUR\QHV

+\GURG\QDPLF HIITHFWV RI YDULRXV JUR\QHYV
+\GURG\QDPLF HIIHFWV RI SHUPHDEOH JUR\QHV

BUHYLRXV VWXGLHVY KDYH VKRZQ WKDW SHUPHDELOLW\ LV DQ LPSRUWLE
PHDEOH JUR\QH LV PDLQO\ H[HFXWHG E\ ODUJH SLOHV ZLWK YDU\LQJ RS
RQ WKHUHTXLUHG SHUPHDELOLW\ 7KHRSHQ VWUXFWXUH DOORZV ZDW
DEVRUELQJ SDUW RI WKHIORZHQHUJ\ +RZHYHU WKHIORZ YHORFLW\ F
ORFDOO\GHFUHDVHG DIIHFW LBDIXGINELYALH Q@I GIN\S B @®L WKLIRIY

,QYHVWLIJDWLRQV RI WKH SHUPHDEOH SLOH JUR\QHV KDYH VKRZQ WI
UHGXFHG FRPSDUHG WR FR Q8MHQMWL R DDEMORURRWQIMY .DQJ HW D @&
$ OLQHDU FRUUHODWLRQ ZLWK LQFUHDVLQJ SHUPHDELOLW\ DQG GHFL
URXJKO\ LQ ZKHUH QR UHF L UF X OIDOM LR D@R Z$ADNARKQIGFDO UHODWL
GHYHORSHG IRUWKH OHQJWK Rl WKH UHFLUFXODWLRRJRQHDVVRFLDW
7KH ZLGWK RI WKH PL[LQJ OD\HU H[SUHVVHG LQ WKHLQFLGHQW DQJOH I
E\SHUPHDELOLW\ $QLQFUHDVHLQ SHUPHDELOLW\ OKBRVMRWM GXFHG |
.DQJHWDE® ,QDGGLWLRQ SHUPHDEOHSLOHJUR\QHV ZLWK UHODWHG \
WKH WXUEXOHQFH EHKDYLRXU LV GHFUHDVHG DV ZH®IOMWWSHLDM O\ L C



9DULRXV JUR\QH VWUXFWXUHV

+\GURG\QDPLF HIIHFWV RI VORSHG JUR\QHV

60RSHV LQ JUR\QH FRQILIJXUDWLRQV HVSHFLDOO\ WKH KHDG VWHHSQHVV
WXUEXOHQW VWUXFWXBHMWWRXQDMURYHVE *KDOGDUEDQGL HW DO
.RNHQ &RQVWDQWLRBKBRPL <DUDKPDGL $i WHFH Q WRNHXQG\&RQVWDQWL
QHVFX KDV VKRZQ WKDW WKH VORSH XSVWUHDP RI WKH JUR\QH UHGXFHV "'
JUDGLHQWY SHUSHQGLFXODU WR WKH FRUH RI WKH YRUWH[HV RI WKH KRUVI
SHFWHG XSVWUHDP RI WKHJUR\QHLQGXFHG E\ WKH ZHDNHQHG KRUVHVKRH
RI'WKH PDLQ QHFNODFH IRU WKH KRUVHVKRH YRUWH[ VIVWHP KDV DOVR EHF
SDUHG ZLWK YHUWLFDO ZzDOOV 7KH KRUVHVKRH YRUWH[ VI\VWHP UHPDLQYV
EHG SURWHFWLRQ DURXQG VORSHG JUR\QHVY +RZHYHU LW KDV EHHQ REVH
EHG SURWHFWLRQV KDG D VWURQJIORZDFFHOHUDWLRQ DW UHJLRQV ZKHU|
WKH HITHFWLYHQHVV RI WKH GHWDFKHG VKHDU OD\HU DQG UHFLUFXODWLR
VORSHV IRU WKH KHD G/®IKWBRUYBUDHK PDGLHQW MOV D& )RU D KHDG
VWHHSQHVYV RI f WKH PD[LPXP YDOXHV Rl WKH UHFLUFXODWLRQ ]JRQH KD
WLPHVY FRPSDUHG ZLWK UHFWDQJXODU FDVHV $FFRUGLQJO\ LW LV REVHU
IORZ YHORFLW\DQG WXUEXOHQW EHKDYLRXUDURXQG JUR\QHV

+\GURG\QDPLF HIITHFWV RI SRURXV JUR\QHYV

BRURXV JUR\QHV GHILQHG DV JDELRQV RU JUR\QHV ZLWK RQO\ URFNV KD
EHWZHHQ WKH VWRQHV LQ ZKLFK ZDWHU FDQ IORZ WKURXJK WKH VWUXFWX
SLOHJUR\QHDQG D SRURXVJUR\QHLV GLITHUHQW ZKHUHDV WKHIORZ WKUF
OHVV XQREVWUXFWHG )ORZ WKURXJK D SRURXV JUR\QH EHKDYHYV PRUH D
JURLQV KDYH PXFK KLIJKHU SHUPHDELOLW\ WKDQ WKRVH ZLWK RQO\ URFNYV
OLRGXV]HZVNL ODHIXRIDRND HW DKDYH FRQFOXGHG WKDW SRURXV VWUXFV
UHVXOWLQ OHVVGHIOHFWLRQ RIWKHFXUUHQWDQG VPDOOHUUDQJHV RI W/
FRPSDUHG ZLWK FRQYHQWLRQDO JUR\QHV +RZHYHU WKHVH UHVXOW GLII
DQG VWXGLHVY DUHOLPLWHG

7\SLFDOO\ IORZ LQ SRURXV JRQHV LV FRPSXWHG ZLWK WKH 'DUF\ IORZ W
IOXFWXDWLRQV DUH SUHVHQW LQ WKH SHUPHDEOH FRQVWUXFWLRQ 7KHUI
VXSSRUWHG GXH WR WKLV WXUEXOHQW EHKDYLRXU ,WLV REVHUYHG WKDW
HITHFW RQ WKH PRPHQWXP RI WKHIORZLQ SRURXVY PHGLD +HQFH QR H[FHYV
HYVVDU\IRUWKHVH NLQGV RI VLWXDWLRQV 7KH GUDJRQO\SURGXFHV WXUE
WDNHQ LQWR DFFRXQW WR FRQWULEXWH WR WKLV IORZ 8VLQJ WKH )RUFKK
WKLV VRUW RLQURE|QHRVVRY



ILWHUDWXUH UHYL

ORUSKRORJLFDO HITHFWV RI YDULRXV JUR\QH FRQILIXUDWLRQV

7TKHYDULRXV FRQILIXUDWLRQV OHDG WR FKDQJLQJK\GURG\QDPLF HIIH
LFDO HIITHFWV 7KH SHUPHDELOLW\RISLOH JUR\QHVY KDV OHG WR D GHF|
=KDQJ 1DNDJDZDYDQ GHU :DO 0 6KDPSD HW DO 7KH UHVHDDRKGHU

:DO O FRQFOXGHG WKDW KLJK SHUPHDEOH SLOH JUR\QHV UHGXFH V
ZLWKRXW EHG SURWHFWLRQ 3HUPHDEOH SLOH JUR\QHV ZLWK EHG SUF
XVLQIJ QR EHG SURWHFWLRQ KRZHYHU WKHJHQHUDO GHFUHDVH RI VFF
IRUWKH SHUPHDELOLW\DQG REVHUYHG VFRXU KROHVLQDN VKDSHIDF
DOLQHDU FRUUHODWLRQ EHWZHHQ WKH SHUPHDELOLW)\ G @XH VFRX
1IDNDJDZD VKRZQLQILIXUH§LPXOBUO\ LQ WKLV FDVH WKH LPSRUWD
QHDU WKH HVVHQWLDO K\GURG\QDPLF SURFHVVHV WKH KRUVHVKRH YR
WKH YRUWH[ VKHGGLQJDW WKH WLS RI WKHJUR\QH

JLIXUH 6FRXU DURXQG D SHUPHDEOH JURVXHD PR Q VIWNUXFDNZIDRQ ILIJXUH IURP

7KHH[DPLQDWLRQ RIHURVLRQ DURXQG fKHDG VWHHSQHVV VOR
VFRXU RFFXUV DURXQG W K% WKLLEDRILW R D¥ RDEBHD QG PDV VPDOOHU DQG F
DV\PPHWULFDO FRPSDUHG WR WKH UHFWDQJXODU JUR\QHV 7KLV VWD
YDWLRWRIGDUEDQGL HW@DKHUH WKH EHG VKHDU VWUHVVHV ZHUH FR
VORSHV *UR\QHV ZLWK JHQWOH VORSHV ZHUH REVHUYHG ZLWK WKH VP
VWHHS VORSHG JUR\QHV 7KHVH UHVXOWYV DUH VLPLODU WR WKH VKDS
H[SHULPHQWDO LQYHVWLJDVWIQRRDWRPY FRMNO CLHBWRKPVYWKH LQYHVWLJIDW
FDQ EH FRQFOXGHG WKDW JHQWOH VORSHV VKRXOG UHVXOW LQ PLQRU
JUR\QHV 7KHUHIRUH OHVV VWURQJWXUEXOHQW EHKDYLRXU LV SUHVH
PHQW



ORGHOOLQJYDULRXV JUR\QH VWUXFWXUHV

ORGHOOLQJYDULRXV JUR\QH VWUXFWXUHV

,QWKLVVHFWLRQ DFNQRZOHGJHG LQIRUPDWLRQDERXWPRGHOOLQJYDULR
,QIRUPDWLRQ DERXW WKH SURFHVVHVY UHTXLUHG LQ WKH PRGHO DQG WXUI
LQYHVWLIDWLRQ LV HIHFXWHG H[SOLFLWO\ IRU WKH FKDUDFWHULVWLFV R
DQG KHDG VWHHSQHVV RI WKH JUR\QH

SURFHVVHYV
TXUEXOHQFH VWUXFWXUHYV

,QYHVWLIDWMDRQ@WQDP 1ZDFKXMZIMN.VRKRLGHV H®\. I WHZDBOLN
BRWLURSRXORRNHQ &RQVWDQWLYKYFXKVW WKDW WKH ODUJH WXUEXOHQF
DULVLQJ IURP WKH GLVWXUEDQFHV RI WKH VTXDUH JUR\QHV KDYH KLJKO\ \
IORZ IHDWXUHV 3URXURXRKRIXGHWHMIMWD DO 6RWLURSRXRPRNQ &RQ
VWDQWLQHMRXYHVWLIJDWHG WKH KRUVH VKRH YRUWH[V\VWHP IRUJUR\QHV |
RI WKH YDULRXV GHYHORSLQJ HGGLHV DQG LQWHUDFWLRQV ZLWK WKH VKH
WDQJOHG ZHE RI YRUWLFHYV GRPLQDWHY WKH IORZ XSVWUHDP ZLWK D[HV St
WKH VXUURXQGLQJZDOOV ,Q DGGLWLRQ LQGHSHQGHQW RIWLPH D SULPD
ODWHG LQ WZR VWDWHVY RQH YRUWH[FORVHDW WKHHGJHRIWKHJUR\QH DC
I[URP WKH JBERHXH &RQVWDQWLQHVFX

7KH PL[LQJ OD\HU GRZQVWUHDP LV DOVR KHDYLO\ LQYHVWLJDWHG IRU U
&KULVRKRLGHYV HDMQBO/ORSHG SHUP H D ESQH BAVOHHZIDUIRWQFR/Q FOXGHV WKDW WK
ODUJH VFDOH HGGLHV DQG LQWHQVH WHPSRUDO RVFLOODWLRQV LQ WKH K
LQ WKH PL[LQJ OD\HU 7KH GHYHORSLQJHGGLHYV PHUJH ZLWK SUHYLRXVO\
ZLWK ODUJH HGGLHV RI WKH UHFLUFXODWLRQ JRQH GRZQVWUHDP RI WKH PL
H[SDQVLRQ RI WK H VKKDR HOWM THU7KHUHIRUH SULPDULO\WZR GLPHQVLRQDO
KRULJRQWDO SODQH GRPLQDWH WKHIORZLQ WKHPL[LQJOD\HU +RZHYHU 5|
GLUHFWLRQ DUH SUHVHQWHFRQWKH PQ[ZE LD LQGLFDWHY WKDW WKUHH GL
HIITHFWV DUH QRQQHJOLJLEOH

6WXGLHYVY KDYH GLVFXVVHG FKLHIO\ WKH UHVXOWY RI WXUEXOHQFH VWU
JUR\QHV ZLWKRXW VORSHV +RZHYHU UHFWDQJXODU LPSHUPHDEOH JUR\Q
KDYLRXU WKDQ WKDW IRU SHR PIMDB O HOLBRRB\XQMHWZVNL ODHQRQJ
HWDOE RUKHDG VORSHGNWRMRAHNDDQJ HW D& .RNHQ &RQVWDQWLQHVEX
$FFRUGLQJO\ LPSOHPHQWLQJ WKH KLIJIKO\ WKUHH GLPHQVLRQDO QF
PHULFDO PRGHO LV GHVLUDEOH IRU VXIILFLHQWO\ PRGHOOLQJIORZ FKDUD
VORSHG JUR\QH FRQILIJXUDWLRQV



ILWHUDWXUH UHYL

%RWWRP IULFWLRQ

,Q D UHFHQW VWXG\ LW VKRZV WKDW WKH WZR FRXQWHU URWDWLQJ H(
WLRQ ZLWK WKH VKDOORZQHWV R ) WKWKBBRRUH DQRWKHU VWXG\ FRQ
IULFWLRQ FRQWULEXWHV WR WKH QRQ ®LUMWDUY 2D R2W R XRINFKUH B V LLQQIJ (
URXJKQHVV RUGHFUHDVLQJWKHVKDOORZQHVV ZLOO HQODUJH WKH HG
WDFKPHQW SRLQW 6RLQDPRUHJHQHUDO PDQQHU WKH VXGGHQ H[SDC
ERWWRP IULFWLRQ DQG ZDWHU GHSWK $Q DGHTXDWH DSSURDFK RI WK}
FRQWULEXWLRQ RI WKHIULFWLRQ LQ WKH PRGHO

JUHH VXUIDFH IORZ

7KH LQWHUDFWLRQ RI WKH ZDWHU DQG DLU SKDVH LV SDUW RI WKH IORZ
LPSRUWDQFHRIPRGHOOLQJWKLVIUHHVXUIDFHIORZLY GHSHQGDQW R
IORZLQ QXPHULFDO PRGHOOLQJLQFUHDVHY WKH DFFXUDF\RIPRGHOO
WKHJUR2RH¥ORQ 'HQLYQ DGGLWLRQ IORZ G\QDPLFVDURXQG JUR\QHV L
IUHH VXUIDFH IORZ VXFK DV WKH WZR FRXQWHU URWDWXRQ FLUFXODW
DQG WKH IRUPDWLRQ RI WKH YRUWH[ UHODWHG WR WHKR@RWVHOVKRH YR
+HQFH VWXGLHV VXJIJHVW WKDW IUHH VXUIDFH PRGHOOLQJFDQ QRW EFt

7KH)URXGH QXPEHU LV WKHUHODWLRQ EHWZHHQ WKH YHORFLW\ E\ IF
FRQGLWLRQ ,WUHSUHVHQWY WKH UHODWLRQ EHWZHHQ WKH YHORFLYV
DQ ODUJHU DUHD GXH WR JUDYLWDWLRQ +HQFH LWLV XVHG IRU WKH L
QDPLFV /DUJH)URXGHQXPEHUV LQ VXE FULWLFDOIORZUHJLPHV H[KLE
OHYBEXOXQG HW D@QG WKHUHIRUH VLPSOLILHG PRGHOV PD\QRW EH XVF
VXPSWLRQV +HQFH D QXPHULFDO PHWKRG WKDW WUDFNV WKH IUHH VX
QXPEHUV UHVSHFWLYHO\PRUH BDLHGMWL DD YRO KHRFZRDURXQG DQ DEXW
RSHQ FKDQQHO IORZVKRZV D FRPSDULVRQ IRUWUDFNLQJIUHH VXUIDFH
DQG OHYHO VHW PHWKRG )J)URXGH QXPEHU RI VKRZV QRQ QHJOLJLEC
WLFVEHWZHHQ WKHDSSURDFKHVDQG KHQFH D PRUH FRPSOH[ PHWKRG
WKHVH VPDOO )URXKR\QUMXPEHMIYG HW DO

JORZLQ WKH SRURXV PHGLXP

)RU SHUPHDEOH JUR\QHV DQ HVVHQWLDO IHDWXUH LV OVRKs XO/RE Z\ONW K
ODHQR -LQ .X]QHWVRY%DQHUMHH HWVIKRZ YDULRXV DSSURDFKHV
FRPSXWDWLRQ RIWXUEXOHQW IORZLQ SRURXV ]JRQHV 7\SLFDOO\ WXU|
EHKDYLRXUDQGLVWKHUHIRUHFDOFXODWHG XVLQJWKHNQRZQ)RUFKK
WHUP LQ WKH-HDXDWJIRHWVRY +RZHYHU GLIILFXOWLHY DUH SUHVHQW L
IRUPXODWLRQV EDVHG RQ WKH )RUFKKHLPHU HTXDWLRQV IRU YDULRXV
XVHG HTXDWLRQV LWWHBBERQNB EAKLFK LV EDVHG RQ QRQ OLQHDU IOR;:
URFN ILOO VYRXXFWXUHRVVHLQIKH K\GUDXOLF JUDGLHQW LV FDOFXOD)
HTXDWLRQV GHYHORSHG E\ XVLQJH[SHULPHQWDO GDWD 7KLV HTXDWL

t Pm

Ya
9 flcl/‘*[ Il/“fc[



ORGHOOLQJYDULRXV JUR\QH VWUXFWXUHV

,Q ZKLFKWKWKH K\GUDXQ LF/IJEMOEN-MRWR FLW\ WK URWK WKW ISHR ¥ AR KR
NLQHPDWLFYLYVRARVMW.MHDQ SDUWLIFOW KH]JIKDEMELRQ FRHIILFLHQW LQ WKH WX
WKHIORZ 6WHSKHQVRQ KDV D YHU\JHQHUDO IRUPXODWLRQ IRUWKHPHGLX
WKHSDUWLFOHVLVWDNHQDEWRWD FARXQW EWAMKLMW SRUWDQW WR XQGHUVW|
GLIITHUVIRUHYHU\FDVH

TKHVWXG\RIVLPXODWLQJWXUEXOHQWIORZWKURXJKFRDUVHJUDQXODU
IORZ VKRZQQQYUMHH HW RDV LPSOHPHQWHG D VOLJKWO\ GLITHUHQW DSSU
JRUFKKHLPHU HTXDWLRQ 7KH)RUFKKHLPHU HTXDWLRQ GHILQHV WKH WXUE
DVD SUHVVXUH GLITHUHQFH RYHU D OHQJWK VFDOH +HQFH LW LQGLFDWHYV
WKHIXOO\1DYLHU 6WRNHV HTXDWLRQV 5HVXOWY KDYHVKRZQ WKDW WKLYV
SRURXV PHGLD ZLWK VXIILFLHQW SUHFLVLRQ

*HRPHWU\ RI WKH JUR\QH

7KHFRPSOH[ JHRPHWU\RI JUR\QHV LVDQRWKHU DVSHFW RPWHEHNGLIILFXOW

XVHV D QXPHULFDO PRGHO IRU JUR\QHV ZLWK D VORSH RI 7KH VORS¢
JULG SDUDPHWULVDWLRQ ZKHQ WKHJULG FHOO VLIHV DUH ODUJHU WKDQ Wk
GHILQLQJ JUR\QHVT IJHRPHWU\ LV XVLQJ XQVWUXFWXUHG PHVK ZKLFK LV X'
IRUPRGHOOLQUDINRIAQAY HW DO KH PRGHOV VKRZ VDWLVIDFWRU\ UHVXOWYV |
WKHH[SHULPHQWDO UHVXOWY +HQFH ERWKDSSURDFKHV DUHDSSOLFDEO!
DVDVORSHG KHDG JUR\QH

,PSOHPHQWDWLRQ RI WKH SURFHVVHYV

BUHYLRXV SDUDJUDSKY FRQGXFWHG WKHHVVHQWLDO SURFHVVHV IRUPRGH
FOXGHG DV IROORZV

f)UHH VXUIDFHIORZ 7KHLQWHUDFWLRQ ZLWK WKH DLUDQG ZDWHU SKD'
QDPLFV QHDU WKH ZDWHU VXUIDFHDQG WKHLQFUHDVHLQIORZPRGHOO

f7KHWKUHH GLPHQVLRQDO IHDWXUHV RIWKHIORZDURXQGJUR\QHV UHT:

f9ODULDELOLWANLQWKHJIJHRPHWU\RIWKHJUR\QHDQGHQYLURQPHQW WRLP
JHRPHWU\

F$GDSWLQJ WKHPRGHOOLQJRID SRURXV ]JRQHIRUWXUEXOHQW IORZ E\ X

1 PSOHPHQWDWLRQ RI WKH ZDOO IXQFWLRQ VXIILFLHQWO\IRULQFOXGLQ

F$GDSWLRQ RIODUJH WXUEXOHQFH VWUXFWXUHY GXHWR WKH PDFUR 10 X

7KH SURFHVVHVY VWDWHG DERYH VKRZ IURP SUHYLRXV VWXGLHV WKDW W
WKHIORZDURXQG JUR\QHYV 7KHIHDWXUHVIRUWKHIOH[LEOH JUR\QH YDUL
RI'JUR\QHVY KHDG OHDG WR D SRVVLEOH UHGXFWLRQ RI WKH WXUEXOHQW I
SURFHVVHV VXSSRUWY VHWWLQJ XS D VDWLVIDFWRU\PRGHO IRUD IOH[LEO|



ILWHUDWXUH UHYL

7TXUEXOHQFH PRGHOOLQJ

7KH QXPHULFDO DSSURDFK IRUPRVW HQJLQHHULQJIORZ PRGHOV LV ED
6WRNHV WXUEXOHQFHPRGHOV 5$16 7KHS5H\QROG $YHUDJLQJPHWKRG
RQ WKHPHDQ IORZ 3DVW VWXGLHV VKRZ WKDW ERWK VWHDG\DQG XQVV
SUHGLFW HVVHQWLDO DVSHFWV RI VHSDUDWLRQ IORZ GRPLQDWHG E\
ODUJH VFDOH YRUWSFRGIQWHWERRWHW®W .RNHQ &RQVWD QW L QTH\HF X

5$16 PRGHOV VHYHUHO\ XQGHUSUHGLFW WKH WXUEXOHQW IOXFWXDWL
WLRQ WKH5$16 PHWKRG IDLOVLQDKLJKO\WKUHH GLPHQVLRQDO IORZ"
WXUEXOBQFH6RWLURSRX®RNW WR WKH LVRWURSLF DSSURDFK RI PRVW 5
UDFLHV IRUGHWDLOHG IORZRFFXULQ5$16 PRGHOV KRZHYHU ODUJH VI
FDSWX8KHA VRKRLGHV HAWID®DH PDLQWDLQLQJ UHODWLYHO\ORZ FRPSXW,

&DOFXODWLQJWXUEXOHQFH

OXOWLSOH RSWLRQV FDQ LQGLFDWH WKH WXUEXOHQW SURSHUWLHYV D!
WXUHVY ZLWKLQ D PRGHO $V DOUHDG\ VWDWHG WKH 5H\QROGYV VWUHYV
WXUEXOHQFH DX¥DMKRZQIHAQROGV VWUHVVHV DUHREWDLQHG E\GLUHF
DWLRQV RI WKH YHORFLW\ +RZHYHU WKLY PHWKRG LV DQ H[WHQVLYH
H[SHULPHQWDO VWXGLHV +HQFH WKHS5H\QROGY VWUHVVHV FDQ DOVR
SRWKHVLYV ZKLFKVLPSOLILHV WKHDSSURDFKLQJ WKH5H\QROGYVY VWUH
WKH5H\QROGY VWUHVVHV LV VWDWHG LQ WKHDSSHQGL[ VKRZQLQ $SS

SRUWLFLWNLVDQRWKHU HVVHQWLDO SURSHUW\RIDIOXLG WKDW GHYV
YLWDOUROHLQWKHW3HBBEXO HEKXFRHQG\GRBRAUHVLY QRIJHQHUDOO\DFFHSWH
YRUWLFHY 7KHYRUWLFLW\VKRZVWKHLPSRUWDQFHRIWKHWXUEXOHQ
NLQHWLF HQHUJ\ SURGXFWRRQ BPY®OGLVKIHSPMWRRG FKRVHQ ZLOO EH G
RQWKHFDSDELOLWLHV RIWKHQXPHULFDO PRGHO

TXUEXOHQFH PRGHOV

6HSDUDWLRQ IORZ ZLWK ODUJH WXUEXOHQW VWUXFWXUHV LV SUHVHQ\
IORZEHKDYLRXUKDVWREHVLPXODWHG FDUHIXOO\WRDJUHH ZLWK WK
VWUHVVHYV VDWLVIDFWRU\ 9DULRXV VXFFHVVIXO WXUEXOHQW PRGHO\
VXFKDVODUJH HGG\VLPXODWLRQV /(6 GHWDFKHGHGG\VLPXODWLRQ
PRGHOV ZLWK WXUEXOHQW FORVXUH PRGHOV )RU IORZ D.RRX@G JUR\Q
&RQVWDQWLQHY¥FIXN 6RWLURSRXODRVWOGDSWHG '(6 DQG D WKUHH GLPH(
PRGHO XMLQWXUEXOHQW FORVXUH PRGHO FRPELQHG ZRWHKIWRIHBBEGH ¥ F
HW DO ,QDOHVVGHWDLOHG VWXG\IRUWKHWXUEXOHQW TXDQWLWLH
WKH VWDODQGWXWEXOHQW FORYR WANVPIRG HHQEBKDQJ HW DOLV XVHG ZLWK
VXIILFLHQW DFFXUDFLHV

/IDWHO\ LQYHVWLIJDWLRQVIRUQXPHULFDOIORZPRGHOVKDYHEHHQ V
VXFK RNRXIX HW DODQ&DEHUL *DORLB\ XVLQJ 5%$16 ZLWKWXHEXOHQW
FORVXUH PRIGBIPORWR 3LUJ]DGHKKNLQJ WKH 5$16 PRGHO ZLWK D 5H\QROG
IRUWXUEXOHQFH FORVXUH PRGHOOLQJ $OVR IRU PRGHOOLQJ ORQJV
LQYHVWLJIDKWH)GE E\ XVLQJ WKH 5816 PHWKRG $Q RYHUYLHZ RI QXPHULF
IORZ DURXQG HPHUJHG JUR\QHV LV VHHQ LQ WKHDSSHQGL[ 7DEOH



6RIWZDUH VHOHFWLRQ

7TKHOLWHUDWXUH UHYLHZ KDVJLYHQ PXFK LQIRUPDWLRQ DERXW WKH HIIHF
$GGLWLRQDOO\ OLWHUDWXUH LV JLYHQ IRUWKH DSSOLHG VRIWZDUH SDF!
SDFNDJHVYDU\DQGKDYHOLPLWDWLRQVIRUPRGHOOLQJIOXLG G\QDPLFV 7
WKH YDULRXV VRIWZDUH SDFNDJHVDQG ZKHWKHU WKH\DUH VXLWDEOH IRU\
YHU\ GLVWLQFWLYH DQG VKRXOG EHDQDO\WHG WR YHULI\ LI WKH VRIWZDUH
DUHD 7KLV VHFWLRQ H[SODLQV WKHDSSURDFKDQG VHOHFWLRQ RIYDULRX
SDUWLFXODU VRIWZDUH XVHG LQ WKH VWXG\ )XUWKHUPRUH WKH FRQFOXC(
WKHHVVHQWLDO SURFHVVHV UHTXLUHG IRUWKH PRGHO

$SSURDFK WR VRIWZDUH VHOHFWLRQ

7TKHOLWHUDWXUH VWXBRBEWVPWORQSOH QXPHULFDO VWXGLHV XVLQJYDULR.
IRUPRGHOOLQJIORZDURXQGJUR\QHYV $SSOLHG VRIWZDUHIRUPRGHOOLQJ

OLWHUDWXUH VWXOREWBH)PBEH2SHQ)2$DSHQ)2$0 ) O X HQ B/< 6
DQG 7THOHPMOHPDF ' 7KHVH PRGHOV DUH FRQVLGHUHG DQG UHIOHF

DSSOLFDWLRQ RIPRGHOOLQJWKHIORZFKDUDFWHULVWLFV DURXQG D SHUF
RWKHU LQWHUHVWLQJ DQG DYDLODEOH VRIWZDUH SDFENDJHYVY DUH FRQVLGH!
WHFKQLFDO LPSOHPHQWDWLRQ RI WKH VRIWZDUH SDFNDJH LV GHVFULEHG
LVFKRVHQ E\FRPSDULQJWKHDELOLWLHVYDQG WKH SRVVLELOLWLHV

THFKQLFDO LPSOHPHQWDWLRQV
&RPSXWDWLRQDO PHWKRG

7KHQXPHULFDO GLVFUHWL]DWLRQV RIWKHVROYLQJHTXDWLRQV FDQ EH H[}F
PHWKRGV VXFK DV WKH ILQLWH YROXPH PHWKRG )90 ILQLWH HOHPHQW P
PHWKRG )'0 $FRPSXWDWLRQDO PHWKRG LV QRW GHILQHG WR EHEHWWHU''
RQPXOWLSOHYDULDEOHVY WR FKRRVHWKHPRVWILWWHG PHWKRG IRULQVYV
XVLQJ WKLY PHWKRG RUWKHLPSOHPHQWDWLRQ RIVDWLVINLQJ WKH FRQVL\

6ROYLQIJHTXDWLRQYV

9DULRXV VRIWZDUH SDFNDJHV XVLQJ K\GUDXOLF PRGHOV DUH GHVLJQHG IR
OHPV RFFXUULQJLQ D ULYHU VHDV DQG RFHDQV LQ ZKLFK WKH\ DSSO\ WKI
1RQ OLQHDUHIIHFWVDQGDGYHUVH YHUWLFDOJUDGLHQWYV DUH SUHVHQW L
DSSO\LQJ6:( 7TKHQRQ K\GURVWDWLFDVVXPSWLRQVKDYHWREHWDNHQ LQ\
DQG WKXV WKH IXOO\ WKUHH GLPHQVLRQDO 1DYLHU 6WRNHV "16 HTXDWL|



6RIWZDUH VHOHFWL

OHVK

OHVKLQJLV XVHGWRGHFRPSRVHWKH GRPDLQLQWR VPDOOHU FHOOV D (
IORZLQHYHU\FHOO )RUFRPSOH[JHRPHWULHY WKHPHVKLQJEHFRPH'
PHVKLVREVHUYHG WREHGLIILFXOW WR XVH LQ W KB-OMMDMHWX DN & WHDW
DUHPRVWO\XVHG EXWDOVRFXUYLOLQHDUPHVKHV FRXOGEHDSSOLHG
DVIOH[LEOH PHVKHVY ,QDGGLWLRQ WXUEXOHQW IORZ LV PXOWL VFDO!

SHUPHDELOLW\LPSOHPHQWDWLRQ

7TKHLPSOHPHQWDWLRQ RI WKH SHUPHDELOLW\ LY LPSRUWDQW IRU PRC
OLQHDU IXQFWLRQIRUWKHIORZLQ WKH SRURXV PHGLXPLVUHTXLUHG I
WKLY DUHD DV VWDWHG LQ 6HFWLRQ

‘DOO IXQFWLRQ

7TKHLPSRUWDQFH RIWKH ERWWRP IULFVWIHIGYWMMDRAFHGC LW BEBFRWR RO (
QHDU WKH zZDOOV 7KHUHIRUH DILWWHG IXQFWLRQ RI WKHIORZ QHDU !
WDWLRQ RI WKH ZDOO IXQFWLRQV LV GHSHQGDQW RQ WKH LPSOHPHQW
TXHQWO\ YDULHWLHYVY RI RSWLRQV IRU WKH ZDOO IXQFWLRQ LV QHFHV\
IORZ QHDU WKH ZzDOOV

TXUEXOHQFH PRGHOOLQJ

%RWK PRGHOV VROYLQJWKH6:(DQG "16 LQFOXGH WKHDSSURDFK IRU!
ORVW RI WKHVH PRGHOV KDYH PXOWLSOH RSWLRQV WR LPSOHPHQW W
SUREOHP WR LPSOHPHQW WKH FRUUHFW PHWKRG $QLQWHUHVWLQJRS
'(6 RU/(6 PRGHO LQ ZKLFKWKHDQLVRWURSLFEHKDYLRXURIWKHIORZ L\
IRUWKH LPSOHPHQWDWLRQ RI WXUEXOHQFH PRGHOOLQJ PD\KHOS LQ \
IORZ

JUHH VXUIDFHIORZ

7KHIUHH VXUIDFHIORZ LV FRQVLGHUHG LQ HYHU\ VRIWZDUH SDFNDJH |
LRXVY PHWKRGVY DSSOLFDEOH WR WKH PRGHO +\GUDXOLF PRGHOV XVH
WKHPRYHPHQW RI WKH IUHH VXUIDFH &)' VRIWZDUH SDFNDJHV DSSO\F
LQJ PHWKRGV LQFOXGH WKH 9ROXPH RI1 )OXLG 92) OHYHO VHW PHWKR
*DOHUNLQ  QWHUIDFH 6WDELOL]DWLRQ *,6 PHWKRGV )J)UHTXHQWO\ XV
EXOHQW IUHH VXUIDFHIORZ LV SUHVHQW LV WKH 92) PHWKRG LQ &)' SDF
D92) PHWKRG VKRZDJUHHPHQW ZLWK WKH H[S BDILNHQWDO VWXGLHV DV



$SSURDFKWR VRIWZDUH VHOHFWLRQ

SHIHUHQFH DSSOLFDWLRQV

9DULRXV VRIWZDUH SDFNDJHYVY KDYH EHHQ XVHG IRU PRGHOOLQJIORZ DUR?>
FDVHV LWLVRIDGGLWLRQDO VLIJQLILFDQFH WKDW YDULRXVY SURFHVVHV DU
PRUH UHIHUHQFHVLQFUHDVHWKHUHOLDELOLW\WRPRGHOWKHIORZDFFXL
7TKHSUDFWLFDOLQIRUPDWLRQLVEDVHGRQWKHPDQXDOVIRUHYHU\VRIWZ
LFDO PRGHO LQYHVWLIJDWLRQV

7TKH DYDLODELOLW\ DQG SUDFWLFDOLW\IRU HYHU\ VRIWZDUH SDFNDJH K
DYDLODELOLW\LV VSHFLILHG DV FRPPHUFLDO RSHQ VRXUFH DQGDYDLODI
FRQGLWLRQV RI WKH LQYHVWLIJDWLRQ 7KH SUDFWLFDOLW\LY GHSHQGDQ\
DQG VHUYLFHDELOLW\RIWKHVRIWZDUHDQG UDQJHV IURP VXIILFLHQW WR 't

2YHUYLHZ RIVRIWZDUH SDFNDJHYV

7TRGD\ PDQ\ VRIWZDUH SDFNDJHV DUH EHLQJ XVHG IRU IORZ PRGHOOLQJ +F
HYHU\ SRVVLEOH VRIWZDUH SDFNDJH ,Q DGGLWLRQ WR WKHDOUHDG\SUHV
DUHDGGHG WR WKH FRPSDULVRQV 7KH VRIWZDUH SDFNDJHV DYDLODEOH IR
OLNH "HOLNH JLQH@WHO DQG 'HOIMWO'IW

&RPELQLQJDOO WKHDELOLWLHY RI WKH YDULRXV VRIWZDUH SDFNDJHV C
DQRYHUYLHZ RIWKHVRIWZDUH SDFNDJHV 7ZR WDEOHV DUH SUHVHQWHG W
SUHYLRXV VWXGLHV IRUIORZ DURXQG JUR\QHV ,Q WKHILUVW WDEOH WKH
I[IURP OLPLWHG FDSDELOLWLHVY WR DQ HIWHQVLYHUDQJH RISRVVLELOLWLH)
DUHUHIHUUHG WR WKH DSSOLFDELOLW\ UDQJH RI LPSOHPHQWDWLRQV VW
DYDLODELOLW\DQG SUDFWLFDOLW\DUH SUHVHQWHG WR VKRZ WKH DELOLW

7TDEOH 2YHUYLHZ PRGHOV IRUPRGHOOLQJ K\GURG\QDPLFV RIJUR\QHV ZLWK WHFKQLFDO LP

JUHH VXUIDFH 6ROYLQJ OHVK 3HUPHDELOLW\LPSO :DOO IX

YORZ ' 92) '16 )OH[LEOH QRQ OLQHDU HT 53$1OUREWHG
'"HOIW ' 6LQJOH YDOXHG 6:( )OH[GIERIDLILHG OLPLWHS16

OLNH '+, 6LQJOH YDOXHG 6:( )OH[LEOH 3RURVLW\PD3HBLDO 8QNC
2SHQ)RDP 92) /HYHO VHW  '16 )OH[LEOH )JRUFKKHLPHUHT ([WHQVL)
JOXHQW 92) /HYHO VHW  '16 )OH[LEOH 6XSHUILFLDO HT ([WHQVLYH
JLQHO *6 '16 )OH[LEOH )RUFKKHLPHUHT 5¢WeHOQWGLYH
7HOHPDF ' 6LQJOH YDOXHG 6:( /8ONWRBQ ([WHQVLYH 5%$16 '(6 /(6
7TDEOH 2YHUYLHZ PRGHOV IRUPRGHOOLQJ K\GURG\QDPLFVRIJUR\QHV ZLWK UHIHUHQFH PR!

JUHTXHQF\ 3HUPHDELOLW\ *HRPHWU\ 9DOLGDWHG $YDLODEL

)ORZ ' 2IWHQ <HV  )OH[LEOKHV &RPPHUFLDO ([FHOOHQW
'"HOIW ' )HZ 1R )OH[LEOH<HV 2SHQ VRXUFH ([FHOOHQW
OLNH '+, 1R 1R  )OH[LEOH1R $YDLODEOH ([FHOOHQW
2SHQ)RDP 2IWHQ <HV  )OH[LEOKHV 2SHQ VRXUFH 6XIILFLHQW
JOXHQW 2IWHQ <HV  )OH[LEOKHYV $YDLODEOH ([FHOOHQW
JLQHO YHZ <HV ~ )OH[LEOHLR $YDLODEOHRRG

7THOHPDF ' YHZ 1R /ILPLWHG <HV &RPPHUFLDO ([FHOOHQW




6RIWZDUH VHOHFWL

SHVXOW VRIWZDUH VHOHFWLRQ

$VVHVVPHQW RI VRIWZDUH VHOHFWLRQ

7DEOHDQG 7TDEOWHRZ WKDW DOO PRGHOV KDYH VRPHDGYDQWDJHV DQG S
HOOLQJ IORZ DURXQG JUR\QHV +HQFH FRQVLGHUDWLRQV DUH PDGH
SDFNDJH ,Q WKH OLWHUDWXUH VWXG\ HVVHQWLDO SURFHVVHV DUH VW
WLRQ LQ SHUPHDELOLW\DQG KHDG VWHHSQHVV +RZHYHU WR LPSURYF
WKH PRVW FULWLFDO SURFHVVHV DUHLGHQWLILHG ZKLFKDUH UHTXLUHI
LPSOHPHQWDWLRQV DUH LQFOXVLRQ RI QRQ K\GURVWDWLF HIITHFWV T
LPSOHPHQWLQJ WKH SRURXV JRQH XVLQJD QRQ OLQHDU IXQFWLRQ EDV

+\GURVWDWLFDVVXPSWLRQVDUHXVHGLQWKH®G6:( DQG WKXV K\GUDX(
HITHFWV +HQFH 'HOIW ' OLNH '+, DQG 7THOHPDF ' DUH QRW FKRVHQ IF
PHQWDWLRQ RI WKH ODUJH WXUEXOHQW VWUXFWXUHYV 5%$16 PRGHOOL
+RZHYHU WR LQFUHDVH WKHPRGHOTV DFFXUDF\ PRUH PLQRU WXUEXO|
QRQ LVRWURSLF DSSURDFK WR WXUEXOHQFH FORVXUH PRGHOOLQJ LV
WKRVHFDVHV ZKHUHDV WKH /(6 PRGHOV UHTXLUH H[WHQVLYH FRPSXWL
SDFNDJHV LQFOXGLQJ '(6 PRGHOV IRUWXUEXOHQFH PRGHOOLQJDUH SL
VKRZQ ERWK WKH DELOLW\ WR VROYH WKH "16 XVLQJD '(6 RU /(6 PRGHC
LPSOHPHQWDWLRQV RI VROYLQJ WKH IORZ LQ D SRURXV PHGLXP XVLQJ
HTXDWLRQ

%RWK 2SHQ)2$0 DQG )OXHQW VKRZ WKH DELOLW\ WR LPSOHPHQW DO
IRUWKH IORZ DURXQG JUR\QHV 2SHQ)2%$0 LV DQ RSHQ VRXUFH VRIWZD
LVKDQGOHG ZLWK D WH[W EDVHG LQWHUIDFH DQG PXFK FRGLQJ LV UH"
SDFNDJH IURP $16<6 ZLWK D VWUDLJKWIRUZDUG JUDSKLFDO XVHU LQW
%RWK VRIWZDUH SDFNDJHVY DUH DYDLODEOH IRU WKLV VWXG\DQG KDY
QXPHULFDO VWXGLHVIRUWXUEXOHQWIORZ 7KHSUDFWLFDOLW\DQG X
IDFWRULQ FKRRVLQJ WKLV SURJUDP IRUIXUWKHU VWXG\LQJ

%DFNJURXQG RIPRGHO

$QVIV )OXHQW LV WKH FKRVHQ VRIWZDUH IRU DSSO\LQJ WKH YDULRXYV ¢
VHQWLDO WR KDYH VRPH EDVLF XQGHUVWDQGLQJ RIWKHFRPSRVLWLRC
JHQHUDO VROXWLRQ IRUWKH PRWLRQ RIIOXLGV LV EDVHG RQ WKH 1D
PRPHQWXP DQG PDVV EDODQFH +RZHYHU GXH WR WKH HTXDWLRQVTY F
GHVFULEH WKH SKHQRPHQD IRUVSHFLILFHQJLQHHULQJDUHDYV

$QVIWW)OXHQWVROYHVWKHFRPSOHWHVHWRIWKUHH GLPHQVLRQDO }
LQ FRPELOQDWLRQ ZLWK DQ DSSURSULDWH WXUEXOHQW UHSUHVHQWDW
FRPSOLFDWHG IORZ SKHQRPHQRQV W XVHV WKH ILQLWH YROXPH PHW
IDYLHU 6WRNHV HTXDWLRQV &RQVHUYDWLRQ RIPDVV ZKLFK LV WKH I
LVGHVFULEHG E\WKH GLITHUHQWLDO HTXDWLRQ DV IROORZYV

-



5HVXOW VRIWZDUH VHOHFWLRQ

ZKHUHV WKH GHQV LW{RYV WKH NOXQBFLLWW KDHQVGR X UFH WHUP ZKLFK FDQ EH X
DGGLQJPDVVRUDQ\XVHU GHILQHG VRXUFHVY 7KHGLIIHUHQWLDO HTXDWLR
LVZULWWHQ DV IROORZV

— U r W ¢ rn CrApE”5IE  OK

ZKHWHV WKH VWD W tUE\8 WHWWHIOR ALK\ PD LM, ZKHRBHY WKH YLVFRVLW\
RIWKH pQDM & KH WXUEXOHQR¥LYLWERKRWI[WHWD@IBO ERG\ IRUFH

7TXUEXOHQFH PRGHO

'"HDOLQJ ZLWK WXUEXOHQFH HITHFWV LQ WKH 1DYLHU 6WRNHV HTXDWLRQV F
RGV (PSLULFDO UHODWLRQV PHWKRGV XVLQJ WKH 5H\QROGY DYHUDJHC
LQ ZKLFK D WLPH DYHUDJHG DSSURDFK LV XVHG GLUHFW QXPHULFDO VLP
VLPXODWLRQW®R/GE $ YDULHW\ RI WKH /(6 DQG 5$16 PHWKRGV DUH DYDLO
) O X HXQ W/< 6 DQG DUH FRQVLGHUHG LQ WKLV UHVHDUFK

5$16 PRGHOV FRQVLGHU WKH HIITHFW RI WXUEXOHQFH RQ WKH PHDQ IORZ
WXUEXOHQW PRWLRQ 7KHDYHUDJLQJ SURFHVV IURP WKH 1DYLHU VWRNH)
OHDGVWRDGGLWLRQDOWHUPVFRUUHODWHG ZLWK WKHXQNQRZQIOXFWXD
VWUHVVHYV +HQFH WKHHTXDWLRQVDUHQRWIXOO\FORVHG DQG D WXUEXO
TXDQWLWLHYV 7KHIRXQGDWLRQ RIPRVWWXUEXOHQFHFORVXUHPRGHOV LV
FRVLW\ ZKLFKWDNHV WKHWXUEXOHQWHIITHFWV LQWRDFFRXQW 7KLV TXDQ
DQGLWLVDVVXPHG ORFDOO\ WKDW WKH WXUEXOHQFH KDV LVRWURSLF EHK
WKHWXUEXOHQW PRWLRQ IRUWKHVFDOHGHSHQGDQW RQWKHJULG VL]H RI
LVRWURSLF EHKDYLRXU IRUWKHVH PRWLRQV '(6 HPSOR\V WKH HGG\ YLVFF
DQG IXUWKHU DZD\UHVROYHV WKH WXUEXOHQW PRWLRQ IRU ODUJH VFDOHYV

ORVW FDOFXODWLRQV LQ K\GUDXOLFV KDYH EHHQ FDBRGHG RXW ZLWK WK
7KLVLVDOVRVKRZO® LQ@WEKHDEGRVW VWXGLHV IRUIORZVDURXQG JUR\QHYV
PRGHO RUD K\EULG 5$16 PRGHO IRU VROYLQJ WKH WXUEXOHQW HIIHFWV 0L
WKH YDULRXV WXUEXOHQFH PRGHO RSWIDRGV HRWEGKDIOWGW K H VR GW ZHDW B O

. XPDU ODOLN IRUIORZ DURXQG JUR\QHYV iLQ+PRIGHKOERIWKGW K H
PRGHOV KDYH EHHQ XVHG ZLWK VDWLVIDFWRU\ UHVXOWV %\ WHVWLQJ LQ
DOVR EHHQ IRXQ& WHRIBM WK KDYH EHHQ PRVW DFFXUDWH )XUWKHUPRUH Wt
DUHRIWHQ XVHG E\DGYHUVH SBRG\LXUH JRDHGYLHHY W WOLRZNQRZQ WKDW /DU JF
6LPXODWLRQV /(6 KDYH YHU\ DFFXUDW R NHY X ®RQMR D X UGBV QEXQW IOR Z
WKH /(6 DSSURDFK LV FRQVLGHUHG IRU FRPSRVLQJ WKLV PRGHO \HW LW L
WKHUHIRUH QRW DSSOLGE® D@ WWLY UHVHDUFK



6RIWZDUH VHOHFWL

JUHH VXUIDFH IORZ

JUHH VXUIDFH IORZ LV HVVHQWLDO IRUPRGHOORXLOIMRZOODURRKXNDG JUR\C
'XDQ +LJKDP HW DO &RPPRQO\ WZR DSSURDFKHV DUH XVHG IRU PRG}
EHWZHHQ WKH ZDWHU SKDVHDQGDLU SKDVH 7KHILUVWDSSURDFK LV D
VXUIDFHHOHYDWLRQ GRHVY QRW FKDQJH LQ WLPH $ ULJLG OLG DSSURTL
DVXE FULWLFDO FRQGLWLRQ 7KH VHFRQG DSSURDFK WUDFNV WKH VX
SURSHUWLHV RI WKH D.IDINRBWBUYQWHUIDFH

7KH ULJLG OLG DVVXPSWLRQ FDQ EH XVHG LQ HYHU\ VRIWZDUH SDFN
PHWKRG )OXHQW KDV WKH DELOLW\ WR XVH WKH 92) PHWKRG OHYHO \
PHWKRGY 9DULRXV VWXGLHV IRUIORZ DURXQG JUR\QHV KDYH XVHG G
VXUIDFH IORZ ORVWO\92) PRGHOV RUULJLG OLG DVVXPSWLRQV KDYH
7TDEOH

1RQ K\GURVWDWLF

+\GURVWDWLF SUHVVXUH DVVXPSWLRQ LV EDVHG RQ WKH QHJOHFWLR(
WHUPV LQ WKHPRPHQWXP HTXDWLRQ IRUWKH YHUWLFDO FRPSRQHQW R
WLRQ +RZHYHU LWLV DOUHDG\ PHQWLRQHG WKDW WKUHH GLPHQVLR
WLRQ IRUIORZDURXQG JUR\QHV DQG WKHUHIRUH D K\GURVWDWLF DV
WKH IXOO\ "1DYLHU 6WRNHV HTXDWLRQV PXVW EH VROYHG LQ RUGHU \
RIWKHIORZDURXQG WKH YDULRXVY FRQILIXUDWLRQV RI'JUR\QHV LQ WK

BRURXV ]JRQH

,Q WKH VRIWZDUH SURJUDP $16<6 )OXHQW WKH SRURXV JRQH LV FDOFX
PRPHQWXP HTXDWLRQ RIWKH1IDYLHU 6WRNHV GLIIHUBDQW LLD/OUHHT M D WH €
WR DV WKH SUHVVXUH GURS 7KH SUHVVXUH GURS LV EDVHG RQ WKH 'D
LQ WKH VRXUFH WHUP +HQFH WKH VRXUFH WHUP LV FRPSRVHG RI WZR
LQHUWLDO ORVV WHUP 7KH WRWDO SUHVVXUH GURS LV VWDWHG DV IRC

AU Ip[ H [*

ZKHUJH—)Z)ZLWHKV WKH SHURHIVEARHWQ HUWLDWOVOKREY Y D@QREF LW WKURXJK W
PHGLD ,WPXVWEHQRWHG WKDW ERWKFRHIILFLHQWY &DQG' KDYH WF

7TKH FRHIILFDRGWWH NQRZQ DV WKH YLVFRXV UHVLVWDQFH IDFWRU D
DQG PXVW ERWK LQGLFDWHG LQ WKH PRGHO DV LQSXW SDUDPHWHUV )
PXVW EH FDOFXODWHG WKURXJK WKH SRURXV PHGLXP IURP H[SHULPHC
PXVWEHPDWFKHG ZLWK D FXUYH ILW VR FRHIILFLHQWY IRU WKH OLQHD



5HVXOW VRIWZDUH VHOHFWLRQ

+RZHYHU LW PXVWEHQRWHG WKDW WKHIOXLGZLOODOVRUWUQRRSEDUDOOH
HWDO XVHVWKHYYPLFURVFRSLFDSSURDFKYfWRLQYHVWLJDWHIRUWXUEXO
RINTORZRYHUDQG ZLWKLQ WKH SRURXV PHGLD 7KHYPLFURVFRSLF DSSURDF
QXPEHU ZLWK WXBEXOHQFH PRGHO 7KLV VWXG\VKRZV WKDW WKLY DSSURD
WRU\DJUHHPHQW ZLWK WKH H[SHULPHQWV IRU WXUEXOHQW IORZ $ FRQFO!
VWUXFWXUH ERWK VWDJJHUHG DV QRQ VWDJJHUHG DUUDQJHPHQW KDYHUC
QHDU WKH IOXLG DQG SRURXVLQWHUIDFH ,Q DGGLWLRQ WKHPHDQIORZ Y}
SRURXV VWUXFWXUH WHQGVY WR GHFUHDVH VLJQLILFDQWO\IRULQFUHDVLQ

5RXJKQHVYV

7TKH URXJKQHVV LYV SUHVHQW LQ ERWK WKH EHG DQG ZDOO IULFWLRQV ,Q )¢
PRGHO WKLY DVSHFW ,QUHFHQW QXPHULFDO VWXGLHYVY GHIDXOW VHWWLQ
SUREOHP 7KH VWDQGDUG IRUPXOD IRUWKH ZDOO IXQFWLRQ LV EDVHG RQ 1
ZDOOV WKH YHORFLW\SURILOH QRUPDO WR WKH ZDOOV IROORZV

zA —ujmf JAw wA

+RZHYHU IRUDQLQFUHDVHLQ URXJKQHVY DQLQFUHDVHRIWKH ZDOO Vk
RI WKH YHORFLW\ ZLOO LQFUHDVH DQG WKHUHIRUH D PRGLILFDWLRQ LV S|
SURILOH LV DFKLHYHG E\AGEOVRGRIXQYKWIVRQPH DQG VKDSH RI WKH URXJKQH\

zA <imf ¢ AG

TKHURXJKQHVV KHLIKWDQGURXJKQHVV FRQVWDQWDUHWKHLQSXWYV IRU
URXJKQHVVY HOHPHQWV UHVXOWLQ D URXJKQHVV FRQVWDQW YDOXH RI D
KLIKDV$16<6

*HRPHWU\

$16<6 )OXHQW RSWLRQV YDULRXV WASHV RI PHVK IRU PRGHOOLQJ LQ &RPSX
%RWK VWUXFWXUHG DV XQVWUXFWXUHG PHVKHYVY DUH SRVVLEOH 7KH PHYV
PHVKHV DV KH[DKHGUDO RU WHWUDKHGUDO PHVK IRUPDWLRQV ,PSURYHP
DUH SRVVLEOH E\ XVLQJ UHILQHPHQWYV



9DOLGDWLRQ

7KLV FKDSWHU LV WKH YDOLGDWLRQ RI WKH QXPHULFDO PRGHO E\ FRP!
QXPHULFDO UHVXOWY 7KH YDOLGDWLRQ DSSURDFK LV WKHILUVW SDU!
WKH RSWLPL]DWLRQ RI WKH WKUHH PRGHOV LV GHVFULEHG 7KH UHVXO
IROORZLQJ SDUW LQ ZKLFKH[WHQVLYHO\WKHUHVXOWY DUH H[WHQVL)

$SSURDFKWR YDOLGDWLRQ

7KLV VHFWLRQ H[SODLQV WKH VHW XS DQG DSSURDFK IRU YDOLGDWLQ
REWDLQLQJ D FRQFOXVLRQ Rl WKH REMHFWLYH +HQFH WKH QXPHULF
DURXQG WKH JUR\QH 7KH DSSURDFK RI VHWWLQJ XS WKLY PRGHO DQG F
DUHH[WHQVLYHO\ GLVFXVVHG

7TKHYDOLGDWLRQLVH[HFXWHG IRUWKUHH GLIITIHUHQW FDVHV EHIRUH
IRUWKH UHVHDUFK $W ILUVW WKH PRGHOV VKRXOG EH YDOLGDWHG |
ZKLFKWKHWXUEXOHQW SURSHUWLHV RIWKHIORZ IORZSDWWHUQV DQ
DFRXSOHG VI\VWHP RI WKH IORZ LQ D SRURXV JRQHDQG RSHQ FKDQQH (¢
WKH WKLUG FDVH LV YHULI\LQJ WKH JHRPHWU\ RI WKH JUR\QH UHVXOW
$GGLWLRQDOO\ WKLY FDVHIHDWXUHVY WKH WXUEXOHQW SURSHUWLHV
LQVLIKWLQWR WKH '"IORZFKDUDFWHULVWLFV 7KHVHW XSV VOLJKWO\
LRXV LPSOLFDWLRQV DQG FRPSXWDWLRQDO GRPDLQVY 1HYHUWKHOHVY)
LQWKHILQDO QXPHULFDO PRGHO XVHG IXUWKHU LQ WKH UHVHDUFK

*HQHUDO LQSXW

6HWWLQJ XS WKLVPRGHOLQ $16<6)OXHQW LV VWDWHGDV D WLPH GHSH
RQZKLFKWKHFRQWUROOLQJIDFWRUVDUHEDVHG 7KHDPRXQWRIPRG
VRIWZDUH SURJUDP XVHG )RU $16<6 )OXHQW WKLV PD\EHOLVWHG DV

FOHVK SURSHUWLHYV

F9DULRXV LQSXW SDUDPHWHUV VXFK DV RSHUDWLRQDO FRQGLWLRQ
JRQHFRQGLWLRQV

FT%RXQGDU\FRQGLWLRQV VXFKDV LQIORZ RXWIORZ IULFWLRQ VXUI
F7XUEXOHQFH PRGHO

f6ROYLQJ PHWKRGYV

(DFKFRQWUROOLQJIDFWRU LV GLVFXVVHG DQG FRQFOXGHG IRU WKL\
VHFWLRQV



$SSURDFKWR YDOLGDWLRQ

OHVK SURSHUWLHYV

, Q) O XHIPBW6 DIJHQHUDO DSSURDFKWR GHWHUPLQLQJDQ DGHTXDWH W\S
WKHJHRPHWU\DQG WKH FRPSOH[LW\RI WKH PRGHO ,Q WKLV FDVH WKH PRC
FRPSOH[ EHFDXVH RI WKH PXOWLSOH UHILQHPHQWY DQG REVWDFOHYV ZLWK
WHWUDKHGUDO PHVKLQJ LV DGYLVHG 7KHPHVK VL]HGHSHQGY RQ WKH UHT
GLUHFWO\UHODWHG WR WKH FRPSXWLQJWLPHDQG &RXUDQW QXPEHU

7TKH &RXUDQW QXPEHU LV SUHVHQW IRUHYHU\ QXPHULFDO VLPXODWLRQ
JHQFH E\WKH PRGHO ,Q D WKUHH GLPHQVLRQDO FDVH WKH &RXUDQW QXPE

Sq0r s O0r sgor
ov ow 0 x

7TKH LPSOLFLW PHWKRG LQ J)OXHQW VXJIJHVWYV WR K DYWHWNIREXQUD QW \WNHPEH
([SOLFLW PHWKRGV LQ )OXHQW VXJJHV\WWUDVEARDEIDHOWROXRMAHRWEHOR Z

$OQORWKHUHVVHQWLDO SURSHUW\RIWKHPHVKLVWKHVNHZQHVYV 7KHVNH
TXDOLW\DQG VWDELOLW\ RI WKHJULG ,Q GHIDXOW WKORFBI[W RXRP JVNIRZQH'
LV SUHIHUDEOH IRUDQ DFFXUDWH VROXWLRQ ,QUHODWLYHO\FRPSOH[ JHF
SUREOHP DQG WKHUHIRUH WKHVROYHU PHWKRGY KDYHWREHDGDSWHG WF
RSWLRQ TfLPSURYH PHVK TXDOLW\Y LV XVHG IRULPSURYLQJ WKH PHVK VNH:
WKH FHOOV RIDURXQG

YRUYDOLGDWLRQ SXUSRVHV WKHQXPHULFDOPRGHOVDUHEDVHGRQ H[SF
LQ ZDWHU ODEV DUH XVHG 7KH PHVK VL]HV DUH GHSHQGDQW RQ WKLV PDWV
GHSHQGDQWRQ VROYLQJWXUEXOHQFHPRGHOOLQJDGHTXDWHO\ VKRZLQJ
YRUWH[ VIVWHP WKH GHYHORSPHQW RI YRUWH[VKHGGLQJDQG PL[LQJ OD\}
RI WM DOXH LV DSS® YO XHKIEN DQ LPSRUWDQW SDUDPHWHU IRULQGLFDWLC
RI WKH ZDOO IXQFWLRQ IRUIORZ QHDU WKH ZDOOV 7KLV SDUDPHWHU VKR >
DURXQG D PD[LPXP YDOXH RI ZKHQ XVLQJ WKH VWDQGDUG IRUPXOD IRU \
6HFWLRQ

7KH IRUPXODW RV @HIHLQHG DV
wo S
5

ZKHBHLV WKH IULFWLR@YWH®RHALGM\VWQQFH RI WKH ZDOO WR WKH FHQWUH
XQNQRZQ IULFWLRQ YHORFLW\ LV EDVHG RQ WKH ZDOO VKHDU VWUHVV DQ
EH FDOFXODWHG DV ZHOO )RUDQ LQLWLDO YDOXH WKH VNLQ IULFWLRQ FR
-RKQVWRQYV FRUUHODWLRQ ZLWK H[SHULPHQMR L Q FK H QQIHOWL PY SRIRISR V
FLHQW DQG ZDOO VKHDU VWUHVV DUH GHVFULEHG DV IROORZV

b r Wé” #
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rMr fsb

&RQVHTXHQWO\ WKHIULFWLRQ YHORFLW\FDQ EHFRPSXWHG ZLWK

%DVHG RQ WKHVH DVSHFWYV DQG HTXDWLRQV PHVK VL]HV IRU WKH Q
VSHFLILHG DQG DUH BSSUR[LPDWHWKHUPRUH WKH DPRXQW RI FHOOV
GHSHQGDQW RQ WKH FRPSXWDWLRQDO FRVWDQG WKXV WKH FHOO VL]H
DJULG GHSHQGHQF\ WHVW

,QSXW SDUDPHWHUYV

9DULRXV VWDUWLQJ LQSXW SDUDPHWHUYV DUHLGHQWLILHG IRU WKH QX
WLRQV FKDUDFWHULVWLFV RIWKHPDWHULDOV LQWHUDFWLRQ FRQGL'
GLITHUEHWZHHQ HDFK PRGHO ZKHQ D PXOWL SKDVHDSSURDFK LV XVHG

7KH RSHUDWLRQDO FRQGLWLRQV DUH SDUDPHWHUV IRU WKH RSHUDW
LQJ SDUDPHWHUV IRUJUDYLW\ GHQVLW\ WHPSHUDWXUH DQG SUHVVXL
)LJ

YLIXUH ,QSXW VHWWLQJV IRUWKHRSHUDWLRQDO FRQGLWLRQV LQ $16<6 )JOXHQW

%YRWK  PDWHULDOV DLUDQG ZDWHU DUH VSHFLILHG IRUWKH QXPHULF
DUHDOUHDG\VWDWHG LQ WKHOLEUDU\RI$16<6)OXHQW 7KHRUGHU RI
PRGHO $16<6)OXHQW FDOFXODWHVY WKHVHFRQG SKDVHPDWHULDO DV !
WKH SKDVH RI ZDWHU LV XVHG DV WKH VHFRQG SKDVH 7KHLQWHUDFWLTF
VXUIDFHWHQVLRQDQG KDV D FEBQWWDQW YDOXH RI

7TKHFHOO FRQGLWLRQVDUHRQO\XVHGIRUGHILQLQJWKH  SRURXV PHC
LVDOUHDG\GLVFXVVHG L@ RAKHYGHF WIKRQVSHFLILFLQSXW SDUDPHWHUV
PDWHULDO RI WKH SRURXV PHGLD +HQFH WKHLQSXW VHWWLQJV LV G|
VHW XS



$SSURDFKWR YDOLGDWLRQ

%RXQGDU\FRQGLWLRQV

7KH ERXQGDU\ FRQGLWLRQV LQ $16<6 YJOXHQW LV VSHFLILHG WR FUHDWH DC
IRUPXODWLRQ IRURSHQ FKDQQHO ERXQGDU\ FRQGLWLRQV LV EDVHG RQ NC
VXPSWLRQV RI WKH IORZ FRQGLWLRQV 7KH RSHQ FKDQQHO IORZ FRQGLWL
WKXV UHTXLUHV RQH ERXQGDU\ FRQGLWLRQ XSVWUHDP DQG RQH ERXQGDL
PRUH WKHERXQGDU\ FRQGLWLRQV IRUWKH ZDOOV DQG WKH IUHH VXUIDFH
GHILQLWLRQ RI WKH PRGHO

8SVWUHDP ERXQGDU\ FRQGLWLRQ

7KH XSVWUHDP ERXQGDU\FRQGLWLRQ LV GHILQHG IRUWKH ZDWHU DQG DLU
FKDQQHO FRQGLWLRQ LQ $16<6 )OXHQW ERWK PDWHULDOV DUH GHILQHG L
ZLWKRXW GLYLGLQJ WKH ERXQGDU\LQWR WZR VHFWLRQV +HQFH RQO\RQ!
ZKROH SODQH XSVWUHDP 7KH XSVWUHDP ERXQGDU\ FRQGLWLRQ LV GHILQH
WKH SUHVVXUH KDV WR EH LQGLEFDWHG 7KRXJK GXH WR WKH RSHQ FKDQQF
ZDWHU OHYHO PXVW EH VSHFLILHG 7KHVH SDUDPHWHUV GHILQH WKH SURSH
QHO 2WKHU SDUDPHWHUV VXFK DV WXUEXOHQW LQWHQVLWLHV DQG YLVFR
ERXQGDU\FRQGLWLRQV SHU QXPHULFDO PRGHO DUH VWDWHG LQ WKH YDOL

'RZQVWUHDP ERXQGDU\ FRQGLWLRQ

TKHGRZQVWUHDPERXQGDU\FRQGLWLRQLVDOVRFRPELQHG ZLWK WKHVXE
+HQFH WKH GRZQVWUHDP ERXQGDU\LV LQGLFDWHG DV D SUHVVXUH RXWO'
ZDWHU OHYHO )RUIUHH RSHQ IORZFRQGLWLRQVLQ WKHRXWOHW WKH SUF

:DOODQG VXUIDFH ERXQGDU\FRQGLWLRQ

%RWK ZDOO DQG VXUIDFH ERXQGDU\ FRQGLWLRQV XVH GHIDXOW YDOXHV
VWDQGDUG ZDOO IXQFWLRQSVOWQVWBWHK® WQYDOXHV LV FRQVLGHUHG WR E|
ZLWKRXW DQ\ URXJKQHVY KHLIJKW 7KH VXUIDFH FRQGLWLRQ LV LQ FRQWD
GHIDXOW YDOXHV VKRXOG EH VXIILFLHQW 2SWLPL]JLQJWKHVH YDOXHV LV U
RFFXUDW WKHERXQGDULHV RI WKHPRGHO

7TXUEXOHQFH PRGHO

9DULRXV VWXGLHV KDYH VKRZQ VDWLVIDFWRU\ UHVXOWV IRUPRGHOOLQJ I
EXOHQW PRGHOV DV VKRZQ LQ WKH OLWHULIN %RMY WK SR XRHRMQUD O VW X G L
&RQVWDQWLQHVFXDYHVKRZQ HIWHQVLYHLQWHUHVW LQ WXUEXOHQW IOR?
WXUHV DQG UHVXOWHG LQ VDWLVIDFWRU\ UHVXOWYV FRPSDUHG WR WKH HJS
XVHG LQ WKHVH VWXGLHV LV WKH '"HWDFKHG (GG\ 6LPXODWLRQ '(6 PRGHO
PRGHOVKDYHDOVREHHQ XVHGIRUIORZDURXQG&KURYQHKR ZE& WK WWIDIOFLH QW
<D]GL HW DO6KDPSD HW DOE\ XVLQJI WKPMRGHO $V D UHVXOW RI WKH OLWHUD)
ERWKPRGHOVVROYHWKHODUJHWXUEXOHQW VWUXFWXUHV DQGKHQFH ER!
L, QWKHVHQVLWLYLW\DQDO\VLV H[HFXWHG IRUWKH VTXDUH JUR\QH WKH PR
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7KH '(6 PRGHO LVLQWURGXFHG WR XVHLQ WKLY UHSRUW 6ROYLQJW
ZKROH GRPDLQ ZKLFKLV FRPSXWDWLRQDOO\ YHU\H[WHQVLYH 7KHUH
UHPDLQLQJVROYLQJSDUW RI WKH PRBROHIOQLXKAVFHKAGVKKRG6HOOLQJ IORZ
IURP VPRRWK VXUIDFHV LV IDYRXUH®RGEMDEDWKIE &6y PRVW QXPHULFDO
VWDWHG LQ WKH $16<6906HQW Pr@RXBUYHU PRGHOOLQJWKHIORZ ZLWK
VKRXOG EHDSSOLHG ZKHQ WKH WXUEXOHQW OHQJWK VFDOH LV ODUJHL
FDOFXODWHV WKH ZKROH GRPDLQ ZLWK WKH 5$16 PRGHO WKHUHIRUH (
VLPXODWLRQV KDYH QR OLPLWDWLRQV \HW PRUH VPDOO PHVK VL]HV L
WXUEXOHQFH PRWLRQ

$GGLWLRQDOO\ YDULRXVY RSWLRQV DUH DYDLODEOH WR FRPSOHWH
WXUEXOHQW IORZ WKH FXUYDWXUH FRUUHFWLRQ LV D SRVVLELOLW\ W
DQDO\WVLV LV XVHG IRUWKHFXUYDWXUH FRUUHFWLRQ ZKHWKHU WKLV [
WKHFXUYDWXUH FRUUHFWLRQ LY XVHG IRUKLJKVZLUOLQJIORZDQG IO

$W ODVW WKH YROXPH RI IOXLG PRGHO 92) LVDGDSWHG 7KLV PXO
WKHDLU ZDWHU LQWHUDFWLRQ VXIILFLHQW®H DY)\ WRBOWBGEGEH[RBKWEG G
DVXE PRGHO FDOOHG RSHQ FKDQQHO IORZ IDYRXUHG IRUPRGHOOLQJ
PRGHOOLQJZLWK WKHRSHQ FKDQQHO PRGHO LV LPSOLFLWDQG XVHV L

6ROYLQJ PHWKRGYV

,Q%$16<6 )OXHQW YDULRXV VROXWLRQ PHWKRGVY FDQ EH XVHG WR FDOF)
HTXDWLRQV DOVR NQRZQ DV WKH 1DYLHU 6WRNHV HTXDWLRQV DV VW
IRUHDFK GLITHUHQW FDVH WR LPSURYH WKH VWDELOLW\ RI WKH QXPHU
WKH VWDELOLW\ E\ FKRRVLQJ WKH FRUUHFW PHWKRG 7KHVH HTXDWLR
HTXDWLRQV QXPHULFDOO\ $ FRQWURO YROXPH EDVHG WHFKQLTXH )L
VFDODU WUDQVSRUW HTXDWLRQ WR DQ DOJHEUDLF HTXDWLRQ %\ GHII
LQ WKHFHQWUH RID FHOO KRZHYHU WKHHTXDWLRQLV VROYHG XVLQ.
&RQVWUXFWLQJ VFDODU YDOXHV DW WKH FHOO IDFHV UHTXLUHV JUDGL
VLRQ WHUPV 7\SLFDOO\WKH /HDVW 6TXDUHYVY &HOO %DVHG *UDGLHQW P
PHVKHVDQGLYOHVVH[WHQVLYHWRFRPSXWHWKDQ RWKHUPHWKRGYV

LQJLQ ZKLFK WKH /HDVW 6TXDUHV &HOO %DVHG *UDGLHQW PHWKRG LV

7KHVRIWZDUH SDFNDJHVROYHV WKHGLVFUHWL]HGHTXDWLRQV LQ W
DQG D GHQVLW\ EDVHG VROYHU 8VXDOO\ WXUEXOHQW IORZ LQ RSHQ |
EDVHG DSSURDFK $ SUHVVXUH EDVHG DSSURDFK IRU WUDQVLHQW IOR
VHFWLRQV ZKLFKDOWRJHWKHU GHVFULEHVY WKH IXOO PRPHQWXP DQG

$'LVFUHWL]DWLRQ RI WKH ORPHQWXP (TXDWLRQ
$'LVFUHWL]DWLRQ RI WKH &RQWLQXLW)\ (TXDWLRQ
$3UHVVXUH 9HORFLW\ &RXSOLQJ

$7LPH $GYDQFHPHQW $OJRULWKP

7KH PRVW VXLWDEOH RSWLRQV IRU WKH QXPHULFDO PRGHO DUH SUH?
VWDELOLW\DQG DFFXUDF\ RI WKH QXPHULFDO PRGHO ORUH H[SODQDW
DUHVWDWHG LQ WKH $SSHQGL]



$SSURDFKWR YDOLGDWLRQ

7KH GLVFUHWL]DWLRQ RI WKH PRPHQWXP HTXDWLRQ LV VROYHG ZLWK WK
IHUUHG GXH WR WKH DFFXUDF\ IRU KLJK VZLUOLQJ IORZ 7KH GLVFUHWL]DYV
GHIDXOWDSSURDFKIRULQFRPSUHVVLEOHIORZ $QDULWKPHWLFDYHUDJLC
SUHVVXUH YHORFLW\FRXSOLQJ WZR DOJRULWKPV DUHPDLQO\ XVHG IRU R
EHDQDO\HG LQ D VHQVLWLYLW\DQDO\VLV IXUWKHURQ 7KH WLPH DGYDQF
VFKHPHV UHVXOWLQJLQ WKHPRVWDFFXUDWH VROXWLRQV

9DOLGDWLRQ FULWHULD

6HQVLWLYLW\ DQDO\WVHYVY DUH XVHG WR LPSURYH WKH PRGHO WR LQFUHDVH
GDWD L H WKHYDOLGDWLRQ 7KHVHQVLWLYLW\DQDO\VLV FRPSDUHV YDUI
LV HI[SHFWHG WR LPSURYH WKH VWDELOLW\ DQG DFFXUDF\ RI WKH PRGHO
WKH QXPHULFDO UHVXOWY GLUHFWO\ ZLWK WKH H[SHULPHQWDO GDWD %l
GHWHUPLQH WKH FRQFOXVLRQ RI WKH DQDO\VLY WUDQVSDUHQWO\ 7KH VH
WKH PRVW ILWWHG PRGHO ZKLOH WKH YDOLGDWLRQ DQDO\WVHV WKH ZKROH
ZLWK WKH H[SHULPHQWDO GDWD 7KUHH SRLQWV DUH FRQVLGHUHG IRU WKF

FOD[LPXPDQG PLQLPXP YDOXHVDQG ORFDWLRQV RI WKH YHORFLW\DQG 5
+t7KH 5RRW PHDQ VTXDUH HUURU 506( DQG SHUFHQWDJH ELDV 3%,$6 D)

FURVV VHFWLRQ OLQH
$f7KH VWUHDPZLVHDQG ODWHUDO YHORFLWLHY QHDU WKH EHG SODQH

7KH PD[LPXP DQG PLQLPXP YDOXHV RI WKH IORZ FKDUDFWHULVWLFV DQG
ODWHG WR WKH ODUJH WXUEXOHQW VWUXFWXUHY 6R WKHVH UHVXOWYV G
TXHVWLRQV 7KH506(DQG3%,$6 GHILQH WKH YDOLGLW\RIWKHPRGHO VWDW
WKHPRGHO IRUSUHGLFWLQJIORZFKDUDFWHULVWLFV FRPSDUHG WR WKH H|
WKHVWUHDPZLVHDQG ODWHUDO YHORFLWLHY DUHFUXFLDOLQ WKH QXPHUI
WKDW WKHIORZLQ WKHKRUL]JRQWDO SODQH [ \ GLUHFWLRQ LV PRUH GRPI
WLRQ WKHUHVHDUFKLVIRFXVHG RQ WKH WXUEXOHQW VWUXFWXUHY QHDU
IORZ QHDU WKH EHG SODQH LV D FULWLFDO DVSHFW RI WKHDQDO\VLYV

OD[LPXP DQG PLQLPXP YDOXHYV

7KH PD[LPXP DQG PLQLPXP YDOXHV LQ WKHPRGHO LV GHWHUPLQHG E\ XVLQ.
WKHVHYLVXDOLVDWLRQV GHWHUPLQHV WKHPD[LPXPDQGPLQLPXPYDOXHYV
WKH FRPSDULVRQ ZLWK WKH H[SHULPHQWDO UHVXOWYVY LV PDGHDQG WKXV G

506(DQG 3%,%6

7KH VWDWLVWLFDO SDUW LV GHILQHG E\ WZR VWDWLVWLFV 506(LV D ZHO
G\QDPLFVDQG ULYHUILHOG 3%,%$6 LV PRUH XVHGLQ ODUJH VFDOHIORZ HYH
GHWHUPLQH WKH ELDV RI WKHPRGHO

506(LVGHILQHG DV WKHURRWPHDQ VTXDUHHUURUDQGIRUPXODWHG DV



9DOLGDWLRQ

3 Abf , ANQI 1,
» (l
WRXJ s | b

LWKPT DQGI DV WKH VLPXODWHG DQG H[SHULPHQWDO GDWD VHW

JRUFDOFXODWLQJ WKH SHUFHQWDJH RI WKH 506( WKHDEVROXWH PD
WKH VSHFLILF ORFDWLRQ ORVW QXPHULFDO VWXGLHV RI IORZ G\QDP
SHUFHQWDJH EHQHDWK WKH YDOXH

3%,%$6 LV GHILQHG DV WKH SHUFHQWDJH ELDV RI WKH PRGHO $ YHU\
FRPPRQ VWDWLVWLFDO SDUDPHWHU IRUYDOLGDWLRQ SXUSRVHYV

3 Ibf , AMQi
UGNFV/%AE»Ab CAb_ r
FAY 3@ /\/\ql
/E »b

LWKPTDQGI DV WKH VLPXODWHG DQG H[SHULPHQWDO GDWD VHW 7KH
PRGHO LQ ZKLFK WKH ELDV RI WKH PRGHO LV JLYHQ 7KLV VWDWLVWLF
DQG LVPRVWO\VXIILFLHQW EHQHDWK D SHUFHQWDJH RI |IRU WKH VWU

6WUHDPZLVHDQG ODWHUDO YHORFLWLHYV

7TKH VWUHDPZLVH DQG ODWHUDO YHORFLWLHY DUH PRVW LPSRUWDQW |
JUR\QH %HVLGHV WKH ODUJH YHORFLW\ YDOXHV WKH KRUL]JRQWDO FLI
IORZ 7KHUHIRUH WKHVH SDUWLFXODU IHDWXUHY DUHWDNHQ LQWR DF



$SSURDFKWR YDOLGDWLRQ

SHFWDQJXODU FRQYHQWLRQDO JUR\QH VWUXFWXUH

JRUWKHFRQYHQWLRQDO JUR\QHFRQVWUXFWLRQ YDULRXVH[SHULPHQWDC
DQG HIWHQVLYH VWXGHRQHHMWFXW H&HQPH VKHDU VWUHVVHYVY WXUEXOHQW S
ORQJ UDQJHIORZ SDWWHUQV DUH VKRZQ ZLWK HI/WHQVLYH GDWD IRUIORZ UL

+HQFH LQ WKLV FDVH WKHIROORZLQJ SDUDPHWHUVY ZLOO EHYDOLGDWH

F&RQWRXU OLQHYV
ftOHDQ YDOXHV YHORFLWLHYV
f5H\QROG VKHDU VWUHVVHYV

7KH JHRPHWU\ RI WKLY VWXG\ LV VEQBQY KQRIVIXORW. BRI GDWD SRLQWYV DU
JUR\QH )XUWKHUPRUH YDULRXV VHWWLQJV IRUWKHERXQGDU\FRQGLWLR
FDOO\VSHFLILHGIRU YDOLGDWLRQ SXUSRVHV 7KHVHDUHDVIROORZV

SDUDPHWHUYV 9DOXHV

JORZ GHSWK >P @

JOXPH ZLGWK >P @

JOXPH OHQJWK >P @

/HQJWK RIJUR\QHLQ[ GLUHFWLRQ >P@
/JHQJWK RIJUR\QHLQ\ GLUHFWLRQ >P@
,QLWLDO YHORFLW\ >P V@

JURXGH QXPEHU

5H\QROGV QXPEHU [ A
.LQHPDWLF YLVFRVLW\>P4 W@

6WLOO VRPHLQSXWSDUDPHWHUVDUHXQNQRZQIRUWKHQXPHULFDOPRG
DUHPDGH WR YHULI\ WKH SURSHU VHWWLQJVY RI WKHPRGHO 7KHVHDUH VYV
WKHVHDQDO\WWHV WKHUHVXOWLQJPRGHO LV DSSOLHGDQG VKRZQLQ 6HFW

YLIXUH *HRPHWU\RIWKHVTXDUH JUR\QH ZLWK WKH BR BHQWD R QY W KW KX A HIH_F IDFCHRRAG UG P
7KH ORFDWLRQV RI WKH YDOLGDWLRQ DQG VHQVLWL YA WY BQ@BAY Ig0Q 8 A X KREIPDLY UHG UHVSH
WKHEH&f °° sIEQGLQ WKH PLE»30D@QHs C

6HQVLWLYLWA\DQDO\WVLV IRUWKHLQSXW SDUDPHWHUYV

7KH VHQVLWLYLW\DQDO\VHV LQYHVWLJDWH YDULRXV VHWWLQJVY WR RSWLF
HYDOXDWHG



9DOLGDWLRQ

F7XUEXOHQFH PRGHOV
$t8VHRID FXUYDWXUH FRUUHFWLRQ
t6ROYHU DOJRULWKP

,QSUHYLRXV VWXGLHYVY DORWRIGLITHUHQW WXUEXIQGHQW PBGEOV KD
'(6 PRGHOV DUH XVHG ZLWK VXIILFLHQW DFFXUDFLHVY FRPSDUHG WR WK
FRPSDULVRQLVPDGHWRRSWLPL]HWKHPRGHODQG  FRPSDUH ZKLFK WX
JUR\QHV IRU WKLV VSHFLILF FDVH

7KH FXUYDWXUH FRUUHFWLRQ LV DQ RSWLRQ LQ $16<6 )OXHQW LQ ZK
1RUPDOO\ WKH SURGXFWLRQ WHUP LQ WKH 1DYLHU 6WRNHY HTXDWLR
VWUXFWXUHYV 7KHFXUYDWXUHFRUUHFWLRQHQKDQFHVY WKH SURGXFW|
HUWLHV IRU FXUYDWXUH IORZ 7KH PDQXDO RI $16<6 )OXHQW VWDWHG
DGGLWLRQ IRUVWURQJURWDWLRQDO VHSDUDWLQJIORZ

3,62DQG 6,03/(DUHFRQVLGHUHG WR EH JHQHUDO DOJRULWKPV WR VF
DQLWHUDWLYHPDQQHU %RWKKDYHEHQHILWYV DQ$ GLRADWKDQ WD MR Q
LWLV ZRUWKZKLOH WR LQYHVWLJDWH ZKLFK DOJRULWKP RSWLPL]JHV Wi

$Q HVYVHQWLDO DUHD LV GLUHFWO\ GRZQVWUHDP RI WKH JUR\QH ZKl
YHORFLWLHVY DUH H[SHFWHG WR EH VLJQKLGIRFRDEMW UBWP RVWHKIB U0 REDH |
LPDWHOY @GGRZQVWUHDP RI WKHJUR\QH ,Q DGGLWLRQ WR WKWHWHWKDWHU I
WKHVHQVLWLYLW\DQDO\WVHV OLPLW WKHLQYHVWLIJDWLRQ WR WKHIOR
WKHVHWWLQJV VKRXOG LPSURYHWKHPRGHO 9LVXDOLVDWLRQV RI WK
WKHUHIRUH RQO\ XVHG IRU YDOLGDWLRQ SXUSRVHYV

TXUEXOHQFH PRGHO

%DVHG RQ WKH VTXDUHRQRAYWHDIW R\PKH '(6 PRGHQ@ D PRGHO LV FRP
SDUHG 7KHFRPSDULVRQGRERDGWODMDP RI WKH JUR\QH ZKLFK IQV DSSUF
GRZQVWUHDP RI WKH JUR\QH 7KHILIJXUHWDUH VKRZQ LQ WKH $SSHQGL

JURP WKHUHVXOWVY RI )XQG )RILWLVY VKRZQ WKDW WKH '(6 PRGHO IROC
WKHH[SHULPHQW EHWWH}) FREFTSHDRIGIGON B WHKFH ILFDOO\ WKH ILIXUHV VK
\ YHORFLW\ QHDU WKH EHG DQG WKH PHDQ ] YHORFLW\ QHDU WKH EHG \
7TKHUHIRUH LQ WKHIROORZLQJQXPHULFDO PRGHOV WKH '(6 PRGHO LV

,Q DGGLWLRQ WKH WXUEXOHQW OHQJWK VFDOH LV VPDOO HQRXJK 1
WXUEXOHQW OHQJWK VFDOH LY FDOFXODWHG ZLWK

i Vi
Y




$SSURDFKWR YDOLGDWLRQ

7TDEOH 2YHUYLHZ VWDWLVWLFDO DYHUDJHIMDGR A ? RREU & BI) ERFEESMRIGN B Q R1 WKH

506(>P V@ 506(> @ 3%,$6>P V@ 3%,$6> @

OHDQ [ YHORFLW\ %HGSODQH .:667
OHDQ [ YHORFLW\ %HGSODQH '(6

OHDQ [ YHORFLW\OLGSODQH .:667
OHDQ [ YHORFLW\OLGSODQH '(6
OHDQ \ YHORFLW\ %HGSODQH .:667
OHDQ \ YHORFLW\ %HGSODQH '(6

OHDQ \ YHORFLW\OLGSODQH .:667
OHDQ \ YHORFLW\OLGSODQH '(6

OHDQ ] YHORFLW\ %HGSODQH .:667
OHDQ ] YHORFLW\ %HGSODQH '(6

OHDQ ] YHORFLW\OLGSODQH .:667
OHDQ ] YHORFLW\OLGSODQH '(6

ZKHUH NLV WKH WXUEXOHQWWW®&HWXUEQOUDRWGGVVLSDWLRQ UDWH $ PHE
EXOHQW NLQHWLF HOHODR®D GLVVLSDWLRQUBPIMHFRIODWHG IURP WKH VLPSO
PRGHO UHVXOWV LQDQ DSSUR[LPDWHG\ WKMENYBQWHVHQH V& W RDVOKIHRA R P |
WLRQ RI WKH WXUEXOHQW IORZ ZLWK WKH '(6 PRGHO +HQFH WKH ODUJH HG
ZDOO LVDGHTXDWHO\ XVHG IRU WKLV VSHFLILF PRGHO

7TKHFXUYDWXUH FRUUHFWLRQ LV DQDO\WHGDV ZHOO 7KH '(6 PRGHO LV X\
LQWKHWXUEXOHQFH PRGHODQG&V YLVXDOLVHG LQ $SSHQGL]

7TDEOH 2YHUYLHZ VWDWLVWLFDO DYHUDJH YDOXHV IRUWKH FRPSDULVRQ RI XVLQJ WKH FXU

506(>P V@ 506(> @ 3%,$6>P V@ 3%,%$6> @

OHDQ [ YHORFLW\ %HGSODQH '(6 FXUYH
OHDQ [ YHORFLW\ %HGSODQH '(6

OHDQ [ YHORFLW\OLGSODQH '"(6 FXUYH
OHDQ [ YHORFLW\OLGSODQH '(6

OHDQ \ YHORFLW\ %HGSODQH '(6 FXUYH
OHDQ \ YHORFLW\ %HGSODQH '(6

OHDQ \ YHORFLW\OLGSODQH '(6 FXUYH
OHDQ \ YHORFLW\OLGSODQH '(6

OHDQ ] YHORFLW\ %HGSODQH '(6 FXUYH
OHDQ ] YHORFLW\ %HGSODQH '(6

OHDQ ] YHORFLW\OLGSODQH '(6 FXUYH
OHDQ ] YHORFLW\OLGSODQH '(6




9DOLGDWLRQ

7TKHVWDWLVWLFDO YDOXHVDUHLQDVPDOOIDYRXURIWKH&XUYDWXU
J)LJ& DQG )RIJVWDWHGLQ WKHDSSHQGL[ LW VKRZV WKDW WKH '(6 PRGHC
WLRQ KDVD VOLIJIKWO\EHWWHU ILW ZLWK WKHH[SHULPHQWDO GDWD 6S¢
YHORFLWLHY KDYHD EHWWHU ILW ZLWK WKH H[SHULPHQWDO GDWD +HC
LQ WKHQXPHULFDO PRGHO

6ROYHU PHWKRGYV

%DVHG RQ WKH VTXDUHRORN@HDIO RPKH 3,62 DOJRULWKP DQG 6,03/( DO.
FRPSDUHG

7DEOH 2YHUYLHZ VWDWLVWLFDODYHUDJH YDOXHVIRUWKHFRPSDULVRQ RIXVLQJWKH
PRGHO

506(>P V@ 506(> @ 3%,$6>P V@ 3%,%$6> @

OHDQ [ YHORFLW\ %HGSODQH '(6 6,03/
OHDQ [ YHORFLW\ %HGSODQH '(6 3,62

OHDQ [ YHORFLW\ OLGSODQH '(6 6,03/(
OHDQ [ YHORFLW\ OLGSODQH '(6 3,62

OHDQ \ YHORFLW\ %HGSODQH '(6 6,03/(
OHDQ \ YHORFLW\ % HGSODQH "(6 3,62

OHDQ \ YHORFLW\OLGSODQH '(66,03/(
OHDQ \ YHORFLW\OLGSODQH '(6 3,62

OHDQ ] YHORFLW\ %HGSODQH '(6 6,03/(
OHDQ ] YHORFLW\ %HGSODQH '(6 3,62

OHDQ ] YHORFLW\OLGSODQH '(6 6,03/(
OHDQ ] YHORFLW\OLGSODQH '(6 3,62

JLJ& )LE DQG )RIJIURP WKHDSSHQGL[DUH VKRZLQJ WKDW ERWK WKF
PRGHO GLIIHU D ORW ZLWK HDFK RWKHU ,Q DbOO WKUHH GLUHFWLRQ RI
PRUHDFFXUDWHUHVXOW FRPSDUHG ZLWK WKH H[SHULPHQWDO GDWD
DOJRULWKP ZLOO VROYH WKH HTXDWLRQV PRUH DFFXUDWHO\ 7KHUHIF
PRGHOOLQJ

*ULG GHSHQGHQF\WHVW

$Q LQLWLDO PHVK VLIH LV REWDLQHG IROORZL)(EMJVDK\FDS)MLHR)IH?LLBOHV R
UHVXOWYVY LQ D FHOO VL]H RKk DiISRSAHRYHRDW RRUH UHILQHG PHVK FRXOG U
VROXWLRQ RIWKHWXUEXOHQWIORZ +HQFH WKHJULG GHSHQGHQF\ WF
JULG GHSHQGHQF\WHVW LV YHULILHG ZLWK PHDQ YHORFLWLHV RI WKH |



$SSURDFKWR YDOLGDWLRQ

JLIXUH *ULG GHSHQGHQF\ WHVW IRU WKH PHDQ [ YHORFLW\IRUD WLPH VLPXODWLRQ RI \%

JLIXUH *ULG GHSHQGHQF\WHVW IRUWKH PHDQ \ YHORFLW\IRUD WLPHVLPXODWLRQ RI \%

7KH VHQVLWLYLW\RI WKH JULG LV YLVLEOH )RUWKH PHDQ IORZ YHORFL\
PRUHILQH PHVK +RZHYHU LWLV REVHUYHG WKDW WKHIORZ LY PRUHUHDF
VWDQGDUG LQFUHDVH RI WKH PHVK VLIH D UHILQHPHQW LV XVHG DURXQG V
WHULVWLFVY DUHFUXFLDO )RUWKHPRVWUHILQHPHQW DURXQG WKH JUR\QI
LV XVHG ZKLOH VWLOO PDLQWDLQLQJ WKH VDPH FRPSXWDWLRQDO IRUFH
VKLIWLQIJWKHERXQGDU\FRQGLWLRQV PRUHXSVWUHDP GLG QRWDIIHFW WK
WKDW WKHPRGHO ZLWK WKH UHILQHPHQW OHDGVY WR WKH PRVW ILWWHG PR



9DOLGDWLRQ

JLIXUH *ULG GHSHQGHQF\ WHVW IRU WKH PHDQ ] YHORFLW\IRUD WLPHVLPXODWLRQ R

2YHUYLHZ DGMXVWHG LQSXW VHWWLQJV DQG FDVH VSHFLILF VHWWLQJ\

7KHVHQVLWLYLWA\DQDO\WHV DUHH[HFXWHG DQG WKXV WKH UHVXOWHG
DUHDVIROORZV

,QSXW VHWWLQJYDOXHV VHWWLQJ

TXUEXOHQFH PRGHQZLWK .: 667

7XUEXOHQFH RSWUWIQRXW FXUYDWXUH FRUUHFWLRQ
BUHVVXUH YHORFLW\VROYHU 3,62

*ULG VL]H >P@ ZLWK UHILQHPHQW

&) > @

6LPXODWLRQ WLPH >V@

JLIXUH OHVK ZLWK UHILQHPHQW DURXQG WKH VTXDUH JUR\QH LQ WKH QXPHULFDO PRG



$SSURDFKWR YDOLGDWLRQ

&RXSOHG VI\VWHP IRU SRURXV PHGLXP

7KH FRXSOHG VA\VWHP RI WKH SRURXV ]JRQH ZLWK WKH RSHQ FKDQQHO IORZ
ORKDPPDGSRXU HWWODQHUMHH HWKIDYY VKRZQ PRGHOV WKDW VXIILFLHQWO\
IORZ WKURXJK FRDUVHJUDQXODU SRURXV PHGLD $OVR H[SHULPHQWYV IRU
EHHQ HI[HPXWE&8&®8V]HZVNL ODHQRRZHYHU OLWWOH GDWD DERXW WXUEXOH (
YHORFLW\ YHFWRUYV DUH NQRZQ IURP WKHVH H[SHKUHWHIQOWV LGRHHHHHIRUH C
XVHG IRUYDOLGDWLQJD QXPHULFDO PRGHO FRXSOHG ZLWK WKH IUHH VXUIL
H[SHULPHQWDO VWXG\ D SRURXV ZHLULVLQYHVWLIJDWHG WKDW UHVXOWH

$V VWDWHG SUHYLRXVO\ WKLY YDOLGDWLRQ LV IRHEXWMGDROQ WKH H[SHUL
7KH HI[SHULPHQWDO VWXG\ LV IRFXVHG RQ WKH PHDQ IORZ SURSHUWLHYV DC
WKH SRURXV ZHLU )XUWKHUPRUH WKHPHDQ YHORFLW\SURILOH ZLWKLQ W
+HQFH WKHIROORZLQJSDUDPHWHUY ZLOO EH YDOLGDWHG

f9HUWLFDO 9HORFLW\ SURILOH
f9HUWLFDO 5H\QROG VKHDU VWUHVVHV SURILOH
ftOHDQ YHORFLW\ SURILOHDERYHDQG ZLWKLQ WKH SRURXV VWUXFWXUH

7KHJIJHRPHWU\DQG GRPDLQ RI WKH PRGHKG 6 UNW MKRZQOANQWIKH LQSXW VHW
DUUDQJHG DV IROORZV

3DUDPHWHUYV 9DOXHYV

YORZ GHSWK >P @

JOXPH ZLGWK >P @

YOXPH WRWDO OHQJWK >P @

JHQJWK RI ZHLULQ [ GLUHFWLRQ >P@
JHQJWK RI ZHLU LQ\ GLUHFWLRQ >P@
,QLWLDO YHORFLW\>P V@

JURXGH QXPEHU

5H\QROGV QXPEHU [ A
.LQHPDWLF YLVFRVLW\>PAAV@

JLIXUH *HRPHWU\ RI WKH SRURXV VWUXFWXUH ZLWK & HRHRQO LIRQW RH QXA HPE A D OPARIBM CURF
7KH ORFDWLRQ RIWKH YDOLGDWLRQDQG VHQVLWLYLW:?0QQ®ROLB@A& IPVYKRZQ LQ UHG UHVSHF



9DOLGDWLRQ

6HQVLWLYLWA\DQDO\WVLV IRUWKHLQSXW SDUDPHWHUYV

JURP WKH SUHYLRXV YDOLGDWLRQ DSSURDFK PRVW LQSXW VHWWLQJ\
LQSXW VHWWLQJIRUWKLY SDUWLFXODUPRGHO LV WKHSRURXV VHWWLC
DQDO\WVHV ZLOO EH XVHG ,QDGGLWLRQ GRPDLQV YDU\DQG WKHUHIRUH
LQ FRPELQDWLRQ ZLWK WKH FRPSXWDWLRQDO FRVWV $JULG GHSHQGH
VLIH

SRURXV VHWWLQJ VHQVLWLYLW\ WHVW

$VVWDWHGEHIRUHLQ VHRMALRKGHWWURY XUH VWXG\ WKH SRURVLW\VH
XVLQJ WKHIRUPXOD RI6WHSKHQVRQ +RZHYHU EHFDXVH WKH VHWWLQ
DVHQVLWLYLWA\DQDO\VLV LV XVHG 7KHIRUPXOD ZLOO EH XVHG ZLWK D
QRQ OLQHDU WHUP 7KHUHIRUH VRPH NLQG RI FRHIILFLHQW LV PDGH V
FDVH 7KLV VHQVLWLYLW\DQDO\VLV LV GHURHE RDP WKR SRUIMRKY ZHLU

7TKH6WHSKHQVRQ IRUPXOD LV RSWLPL]JHG E\ XVLQJD FRHIILFLHQW &

P .
H —= ["0r fl

AU u_|flcl/4[ | Y ¢

JLIXUH 6HQVLWLYLW\DQDOWAW SRUWUREY VHWWLQJIV DW

7KHPRVW RSWLPL]JHG VHWWLQJLV WKH FRPELQDWLRQRI & DQG & RI
JHQHUDO IRUPXOD E\ 6WHSKHQVRQ LV DOUHDG\LQYHVWLJDWHG PDQ\ W
FKDQJH WKH IRUPXOD D ORW 7KHUHIRUH WKHVHWWLQJVIRU& & LVG
DQDO\VLY FRQFOXGHV WKDW WKH OLQHDU WHUP VWD\V WKH VDPH DQG
IRB},DV



$SSURDFKWR YDOLGDWLRQ

*ULG GHSHQGHQF\WHVW

$Q LQLWLDO PHVK VL]IH LV REWDLQHG IROORZL)(EUJVDK\FDS)MLHRQIH?LLBOHV RI 6HF
UHVXOWV LQDFHOO VL]H Rd ODEKSHURI[ILE CWEBOQGHQF\WHVW LV YHULILHG ZLW
RI WKHIORZIRUD VSHFLILHG VLPXODWLRQ WLPH RI V ,QDGGLWLRQ WKL
SRURXV ZHKWRP WKH ]HUR DYyLM RU K IURP WKH JHUR DYLMRIWG k
IURP WKH JHUR DY/LMBUYUVKRZQ LQ WKHRYHUYLHZ LQ )LJ

YLIXUH *ULG GHSHQGHQF\ WHVW IRU WKHXRHDQ [ YUHGRGH BN QRBMHQF\ WHVW IRUWKH PHDQ ]
DWLPHVLPXODWEeRA RIK V DW DWLPHVLPXODWEeRA RIK V DW
YLIXUH *ULG GHSHQGHQF\WHVW IRU WKHKRHDQ [ MHGREHBN QREBHQF\ WHVW IRUWKH PHDQ ] Y
DWLPHVLPXODWKRT RIK V DW DWLPHVLPXODWKRT RIK V DW
YLIXUH *ULG GHSHQGHQF\WHVW IRU WKHXRHDQ [ YHGRGH BN QREHQF\ WHVW IRUWKH PHDQ ]

DWLPHVLPXODWAROQ ®IK V DW DWLPHVLPXODWAR® ®RIK V DW



9DOLGDWLRQ

JURP WKH ILJIXUHV RI WKH JULG GHSHQGHQF\ WHVW LW LV VKRZQ WKD
DGHTXDWHO\ WR WKH H[SHULPHQWDO GDWD VHW %RWK WKKRIHILQHF
WKH PRVW DFFXUDWH VROXWLRQV HVSHFLDOO\IRU WKH VWUHDPZLVH
DFFXUDWH VROXWLRQLV REWDLQHG E\ XK XK@ WMKPHFVHVKIAHWRK WKH PRV W
PHVKFHOO VLKLY REVHUYHG WR EHWKHPRVWILWWHG PRGHO FRPSDUH
GDWD

2YHUYLHZ DGMXVWHG LQSXW VHWWLQJV

7TKHVHQVLWLYLWA\DQDO\VHY DUHH[HFXWHG DQG WKXV WKHUHVXOWHG
DUHDVIROORZV

,QSXW VHWWLQJYDOXHYV VHWWLQJ

7TXUEXOHQFH PRGHIZLWK .: 667

TXUEXOHQFH RSWUIWIOXW FXUYDWXUH FRUUHFWLRQ
3UHVVXUH YHORFLW\VROYHU 3,62

*ULG VLIH >P @

&) > @

6LPXODWLRQ WLPH >V@

JLIXUH OHVK DURXQG WKH SRURXV ZHLU



$SSURDFKWR YDOLGDWLRQ

6ORSHG JUR\QH

60RSHV JUR\QHV DUH YDOLGDPDWMKG ER WKIHUDWRBG R IHWLD/OVW XG\ LQYHV WL
JDWHG WKH GHYHORSPHQW RI VFRXULQJ DQG IORZ SDWWHUQV DURXQG D V
DUHUHSRUWHG IRUYDULRXV GHSWKV RYHU WKH ZKROH GRPDLQ +RZHYHU
WXUEXOHQW SURSHUWLHVDURXQG WKHJUR\QH 7KHUHIRUH WKLV VWXG\ R
IORZ YHORFLWLHY DURXQG D VORSHG JUR\QH

7KLV PRGHO LVYDOLGDWHG IRUWKHIROORZLQJ SDUDPHWHUYV
F&RQWRXU OLQHV

t5H FLUFXODWLRQIORZ OHQJWK VFDOHYV
ftOHDQIORZ YHORFLWLHYV

SDUDPHWHUYV 9DOXHV

JORZ GHSWK >P @

YJOXPH ZLGWK >P @

JOXPH WRWDO OHQJWK >P@

/HQJWK RI JUR\QHLQ[ GLUHFWLRQ >P@
/HQJWK RI JUR\QHLQ\ GLUHFWLRQ >P@
$QJOH JUR\QH >GHJUHHV@

,QLWLDO YHORFLW\>P V@

JURXGH QXPEHU

5H\QROGV QXPEHU [ A
.LQHPDWLF YLVFRVLW\>P4 W@

7TKHIJHRPHWU\RI WKH H[SHULPHQW LV VKRZQ LQ ILIJXUH )LJ

JLIXUH *HRPHWU\ RI WKH VORSHG JUR\QH ZLWK G LPHHKQWDLRIQ ¥DRJIDXKIKRH 6 [BHHWADREH QW |UR P
QXPHULFDO PRGHO 7KH ORFDWLRQV RIWKH YDOLGDWLRQDQG VHQVLWLYLW\DQDO\VLV DUH YV

*ULG GHSHQGHQF\ WHVW

7KH JULG GHSHQGHQF\WHVW IRUWKH VORSHG JUR\QH LV DQDO\]HG GRZQVW
kRU v @V VKRZQLQ)LJ
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JLIXUH *ULG GHSHQGHQF\WHVW IRUWKH PHDQ [ YHOREIQWK IRUD WLPH VLPXODWLRQ

JURP WKH ILIJIXUHV LWLV VKRZQ WKDW WKH PRGHOV ZLWK WKH ILQH F
JUR\QH KDYH WKH EHVW ILWWHG PRGHOV FRPSDUHG ZLWK WKH H[SHUL
ZLWK WKHUHILQHPHQW KDV WKH PRVW DFFXUDF\IRU WKHPHDQ YHORFL
PHQW PRGHO ZLOO EH XVHG LQ WKH YDOLGDWLRQ PRGHO

2YHUYLHZ DGMXVWHG LQSXW VHWWLQJV DQG FDVH VSHFLILF VHWWLQJ\

7KHVHQVLWLYLWA\DQDO\WHV DUHH[HFXWHG DQG WKXV WKH UHVXOWHG
DUHDVIROORZV

,QSXW VHWWLQJYDOXHV VHWWLQJ

TXUEXOHQFH PRGHQZLWK .: 667

7XUEXOHQFH RSWUIWRIQRXW FXUYDWXUH FRUUHFWLRQ
BUHVVXUH YHORFLW\VROYHU 3,62

*ULG VL]H >P@ ZLWK UHILQHPHQW

&) > @

6LPXODWLRQ WLPH >V@

JLIXUH OHVK RI WKH VORSHG JUR\QH



9DOLGDWLRQ UHVXOWYV

9DOLGDWLRQ UHVXOWYV

7KLV VHFWLRQ GHVFULEHV WKH YDOLGDWLRQ UHVXOWY IRUREWDLQLQJDY
WKH VWXG\ 7KHLQSXW VHWWLQJY DUHVWDWHG DQG YHULILHG LQ 6HFWLRC

5HFWDQJXODU FRQYHQWLRQDO JUR\QH VWUXFWXUH
&RQWRXU OLQHYV

7KH FRQWRXU OLQHV DUH GHILQHG IRU WZR SODQHV PLG SIORQH DQG QHD
x IDQG kFRPSXWHG IURP WKHERWWRP RU

JLIXUH 'LPHQVLRQOHVV PHDQ YHORFLW\ILHOGYV D VHRIQGH 8/OID®@ H P ITURP H[SHULPHQW

JLIXUH 'LPHQVLRQOHVV PHDQ YHORPLWRIAHO® E\ADWEWEHQRRHULFDO PRGHO
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YLIXUH 'LPHQVLRQOHVV PHDQ YHORFLW\ ILHOGV DW QHBIB @ & HODQH P IURP HIS

JLIXUH 'LPHQVLRQOHVV PHDQ YHORFLWRIQ kG GV WRWP BAHCGH XPRIMLFDO PRGHO

TKHFRQWRXUOLQHVRIWKHQXPHULFDOPRGHOKDYHPDQ\VLPLODUL\
DQG PLQLPXP YDOXHVDQG WKH ORFDWLRQV IRUWKH YHORFLWLHY DUH
VXFKDVWKH\ YHORFLW\FRQWRXULQWKHUHFLUFXODWLRQ]JRQHDQG W
ORFDWLRQ DUH UHDVRQDEOH SRLQWV RIDWWHQWLRQ
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OHDQ YDOXHV

&RPSDULVRQ RI WKH VSHFLILF GDWD SRLQWV IURP WKH H[SHULPHQWYV ZLW
XVLQJ FURVV OLQHV IRU YDULRXV [ YDOXHV LQ WKH GRPDLQ 7KHFURVV OL!
WKH JUR\QH PGRZQVWUHDP RI WKH JUR\QH DQG P GRZQVWUHDP RI WK
OHQIJWK RUGHU Rl v @QG v QURP WKH JUR\QH 7KHILUVW SRVLWLRQ LV
VHFWLRQ ZKLOH WKH WZR RWKHU SRVLWLRQV DUH VKRZQ LQ WKHDSSHQGL

YLIXUH [ YHOREAW\BRBQVWUHDP RI WKH JUR\QH

7TKHPHDQ YHORFLWLHVIRU[DQG\ GLUHFWLRQRYHUWKHFURVV OLQHV DL
JUR\QH 7KLV FRPSDULVRQ LV DOVR LQ DJUHHPHQW ZLWK WKH FRQWRXU OH
DQG YHUWLFDO YHORFLWLHV IDU GRZQVWUHDP VKRZLQJ OHVV FRPSDUDEQO
YLVXDOLVDWLRQV +RZHYHU LW FDQ EHVHHQ WKDW WKH UHVXOWYVY RI WKH
IRUWKH KRUVH VKRH YRUWH[ VI\VWHP YRUWH[ VKHGGLQJ DW WKH WLS RI W
PRVWO\N\LQ DJUHHPHQW ZLWK WKH H[SHULPHQWDO VWXGLHYV

TXUEXOHQW SURSHUWLHV

JLIXUH 'LPHQVLRQOHVV PHDQ 5H\QROG YWHHRY KHY EDNDW EHG SOD@RI (» s C
IURP WKH H[S-HHRPH®Y W O
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7TDEOH 2YHUYLHZ VWDWLVWLFDODYHUDJH YDOXHV IRUWKH YDOLGDWLRQ RI WKH QXPF
VTXDUHG JUR\QH DSSOLFDWLRQ

506(>P V@ 506(> @ 3%,$6>P V@ 3%,%$6 > @

OHDQ [ YHORFLW\ % GSQD®H (6
OHDQ [ YHORFLW\ %HGSO®QH '(6
OHDQ [ YHORFLW\ %HGSO®QH '(6

OHDQ [ YHORFLW\ OLGSODQH '(6
OHDQ [ YHORFLW\ OLGSWRQH '(6
OHDQ [ YHORFLW\ OLGSORQH '(6

OHDQ \ YHORFLW\ % GSQ@D®MH '(6
OHDQ \ YHORFLW\ %HGSOPQH '(6
OHDQ \ YHORFLW\ %HGSOD@QH '(6

OHDQ \ YHORFLW\ OLGSODQH '(6
OHDQ \ YHORFLW\ OLGSORQH '(6
OHDQ \ YHORFLW\ OLGSORQH '(6

OHDQ ] YHORFLW\ % GSQD®MH '(6
OHDQ ] YHORFLW\ %HGSO®QH '(6
OHDQ | YHORFLW\ %HGSO®QH '(6

OHDQ ] YHORFLW\ OLGSODQH '(6
OHDQ ] YHORFLW\ OLGSORQH '(6
OHDQ ] YHORFLW\ OLGSWRQH '(6

JLIXUH 'LPHQVLRQOHVV PHDQ 5H\QROG YWHHR/ W KHY &DNDW EHG SOD@RIY (» s C
IURP WKH QXPHULFDO PRGHO

JLIXUH 'LPHQVLRQOHVV PHDQ 5H\QROG VWU HRY¥ b\ SCIDQMGEPHG SOD@RIY (» s C
IURP WKH H[S-HHRPH®Y W O
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JLIXUH 'LPHQVLRQOHVV PHDQ 5H\QROG VWU HRY b \s SCCDNGEH G SODERY ¢ » s C
IURP WKH QXPHULFDO PRGHO

&RPSDULVRQ RIWKH VSHFLILF GDWD SRLQWV IURP WKH H[SHULPHQWYV ZLV
XVLQJ FURVV OLQHV IRU YDULRXV [ YDOXHV LQ WKH GRPDR@GKk 7KH FURVV O
UHVSHFWLYHDQG v GGRZQVWUHDP RI WKH JUR\QH

JLIXUH TUVWUHWVARY GRZQVWUHDP RI WKH JUR\QH
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7TDEOH 2YHUYLHZ VWDWLVWLFDODYHUDJH YDOXHV IRUWKH YDOLGDWLRQ RI WKH QXPF

506 ( x“d‘@ 506(> @ 3%/3¢@ 3%,$6> @

89 VWUHVV %HGSODQHQ(6
89 VWUHVV %HGSODQ® '(6
89 VWUHVV %HGSODQM '(6

89 VWUHVV OLGSODQH Q6
89 VWUHVV OLGSODQ'(6
89 VWUHVV OLGSODQ ' (6

8: VWUHVV %HGSODQH g6
8: VWUHVV %HGSODQH (6
8: VWUHVV %HGSOD@HY (6

8: VWUHVV OLGSQDQHN 'Q6
8: VWUHVV OLGSODQHQ(6
8: VWUHVV OLGSODQHQ(6

7KH 5H\QROGYVY VKHDU VWUHVVHY GLUHFWO\ GR ZUHWVWSHHRWYR WRHIOMKH JUF
DJUHHV ZLWK WKH H[SHULPHQWDO GDWD VHW )XUWKHU GRZQVWUHDP
5H\QROGV VKHDB[VWKBHVWHHQYROGY VKHDU VWUHVVHYVY DUH WKH PRVW VL
SDUHGWRWKHRWKHU5S5H\QROGV VKHDU VWUHVVHVDQG WKHUHIRUH KDV
,WFDQ EHVWDWHG WKDW WKHPRGHO RYHU SUHGLFWVY WKH 5H\QROGV V
VKHDU VWUHVVHVY UHVROYHG IXUWKHU GRZQVWUHDP IURP WKH JUR\QH
VWUHDP

&RXSOHG VAIVWHP IRU SRURXV PHGLXP
9HUWLFDO YHORFLW\ SURILOH

7KH YHUWLFDO YHORFLW\ SURILOHV DUH GHILQHG IRU WKUHH ORFDWLF
DIWHU WKH SRURXV VWUXFWXUH ZKHUH ODUJH YHORFLWWMJWDVGLHQW YV
DQGv MDV VWDWHG LQ )LJ

JLIXUH 6WUHDPZLVH YHORFLW\DURXQG WKH SRURXV ZHLU

JLIXUH I9HUWLFDO YHORFLW\DURXQG WKH SRURXV ZHLU



9DOLGDWLRQ UHVXOWYV

D [+ RQWKH SRURXV VWUXFWXUH E [ +GRZQVWUHDP RI WKH JUR\QH
F [ + GRZQVWUHDP RI WKH JUR\QH
JLIXUH 7KHVWUHDPZLVH YHORFLW\IRU VSHFLILHG YHUWLFDO SURILOHV LQ WKH QXPHULFI

JURP)LJ LWLV VKRZQWKDW WKHPHDQ VWUHDPZLVH YHORFLW\SURILOH Q
UDQJH +RZHYHU WKHPHDQ YHUWLFDO YHOREIQWNISH RSSOHQ GV[VKRERQ Q H NV
DFFXUDF\ HVSHFLDOO\ WKH SURILOH PRVW GRZQVWUHDP RI WKH ZHLU 7KH

9HUWLFDO 5H\QROG VKHDU VWUHVVHYV SURILOH

7KH YHUWLFDO 5H\QROG VKHDU VWUHVVHV SURILOHV DUH GHILQHG IRU WK
VWUXFWXUHDQG WZR DIWHU WKH SRURXV VWUXFWXUH ZKHUH ODUJH YHOR
v Qv QDQGv Q

JLIXUH 5H\QROGYV VKRINIDWRWQBWWHKH SRURXYV ZHLU
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D [+ RQWKHSRURXV VWUXFWXUH E [ + GRZQVWUHDP RI WKH JUR\QH

F [ + GRZQVWUHDP RI WKH JUR\QH
JLIXUH 7KH 5H\QROGWKHRU V8HMHVNVHG YHUWLFDO SURILOHV LQ WKH QXPHULFDO PRG
7DEOH 2YHUYLHZ VWDWLVWLFDO DYHUDJH YDOXHV IRUWKH YDOLGDWLRQ RI WKH QXPF

506(>P V@ 506(> @ 3%,$6>P V@ 3%,$6 > @

OHDQ [ YHORFLW\ M6
OHDQ [ YHORF LYWW\ ' (6
OHDQ [ YHORF LYWW\ ' (6

OHDQ ] YHORFLW\ M6
OHDQ ] YHORF LYWW\ ' (6
OHDQ ] YHORF LN '(6

506( x”“ d@ 506(> @ 3%/3¢@ 3%,$6> @

8: VWUHVV (& M
8: VWUHVYV \(6M
8: VWUHVYV (6M

7TKHPD[LPXP5H\QROGY VKHDU VWUHVVHV IURP WKH W[®HURPHRKWHDUH
UHVXOWLQJILIXUHV LWFDQEHFRQFOXGHG WKDW WKH5H\QROG VKHD!|
VXIILFLHQWO\ +RZHYHU LW VWDQGV RXWWKDWWKHPRVWVLIQLILFDOQ\
WR EH IWRGNR YV Q 7TKHUHIRUH WKH QXPHULFDO PRGHO HVWLPDWHYV WK
RYHU SUHGLFWDQG HIWHQG IXUWKHU GRZQVWUHDP $VPDOO QRWH FLC
VKHDU VWUHVVHYV DUN RERHWKHOQXWHULFDO PRGHO
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6ORSHG JUR\QH
,Q WKLV FDVH WKH IROORZLQJSDUDPHWHUV DUH YDOLGDWHG

$&RQWRXU OLQHV
$5H FLUFXODWLRQ IORZ OHQJWK VFDOHYV
$OHDQ IORZ YHORFLWLHYV

&RQWRXU OLQHYV

JLIXUH OHDQ YHORFLW\ILHOG RYHU WKH ZKROH GRPDLQ QHDU WRHK EBBLSON@PHKPDGR. DQG F
HW DO

7KH FRQWRXU OLQHV EDVHG RQ WKH PHDQ YHORFLW\PDJQLWXGH LV FRPS
%DKUDPL <DUDKPDGL HRRQWRXU OLQHV IRU WKH IORZ LQ WKH PDLQ FKDQQ
+RZHYHU WKH QXPHULFDO UHVXOWYV VOLJKWO\ XQGHU SUHGLFWYV WKH PH
UHFLUFXODWLRQ JRQH LV QHDU WKH EHG YHU\ PXFK DOLNH 7KH QXPHULF]
FRQWRXUV FRQFOXGH PRUH HIITHFWV E\ WKH VORSHG JUR\QH LQ ZKLFK WKH

5H FLUFXODWLRQ JRQH

7KH OHQJWK RI WKH UHFLUFXODWLRQ ]JRQHFDQEHLGHQWLILHG E\ WKH JHUR
GLUHFWLRQ DQG ODWHUDO YHORFLWLHV \GLUHFWLRQ DWWKHEDQN RI WK
VWXGLHV WKDW WKH UHFLUFXODWLRQ OHQJWK VFDOH LV YDULRXV RYHU W
OHQJWK VFDOH LV DSSKURJLP D WQHM\G LQ WKH PLG SODQH WKH VWUHDPZLVFE
YHORFLW\LV SRVLWLYHDW DOPRVW HYHU\[ SRVLWLRQ 7KHRQO\H[FHSWLR
DSSUR[LPDWHRA\ Vv Q7KHJHQHUDOIORZILHOGLV VKRZQE\WKHYHORFLW\F
LQ)LJ
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