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Cover figure: the vertical slice of streamwise velocity at 200m distance in normal direction under
stably stratified condition (GABLS1 case, the scale shown in the figure have constant interval of 50m)
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Abstract

In current study, several fundamental and inherent problems in original Deardorff subgrid model are
identified under stably stratified condition. It is found that the mixing length parameterization in this
subgrid model is at the root of a long trouble problem of grid size sensitivity in large-eddy simulation
(LES). A new formulation of mixing length is proposed under the consideration of some basic elements
including the presence of surface, the dependence of grid size Y and a smoothing interpolation. The
performance of this modified scheme is remarkable regarding the improvement of the simulation quality
and accuracy. In other words, not only is the convergence of the simulated results from a range of grid
size achieved but also in the precise intensity of physical variables are modelled. The only discrepan-
cies display in the variance of temperature in the middle of boundary layer and high turbulent kinetic
energy near the surface.

To further experiment the performance of the new scheme under different scenarios, the cases of
different stability condition, an independent LES code with same modification, the cases of different
advection schemes and different prescribed parameters are explored. In very stable condition, the first
order variables from the modified scheme are in reasonable range but with some spreads compared
to the results from a dynamic code. The deviation of second order statistics shows that the proposed
formulation of mixing length meets limitations due to the complex interaction between the surface and
turbulent flow in shallower boundary layer. The modified scheme is model system independent based
on the similar improvement of simulation results in an independent LES code system. The sensitivity
of advection schemes is surprisingly hardly found in new proposed SGS model. The cases of tested
parameters further verifies the limitation of original Deardroff subgrid model.
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Introduction

In the field of large-eddy simulation (LES), the discretization of the domain is crucial and influential to
the simulated results. A code system with an isotropic and static mesh is usually implemented in the
numerical modelling of atmospheric boundary layer (ABL). Without the priori knowledge of the cases,
the grid size is hard to define regarding the representation of physical variables on the grid, the effect of
subgrid-scale (SGS) model and the complexity of turbulent interaction under various topography and
meteorological condition. The discrepancy of simulated value on a grid generally happens in the area
or time where the sharp gradient exists (e.g., inversion layer; heterogeneous surface). In terms of the
effect of subgrid-scale model, the dependence is related to the filter width which is set as the grid size
or relates to grid size in implicit or explicit filter function respectively. Furthermore, the requirement that
more than 80% of turbulent kinetic energy (TKE) is resolved in LES (Pope 2004) should be taken into
consideration.

The sensitivity issue of grid size in large-eddy simulation under stable boundary layer (SBL) have
been reported in many studies. In the study of Beare et al. (2006), the first intercomparison study of
large-eddy simulation involved eleven participants and displayed the sensitivity of grid size based on the
case of Global Energy and Water Exchanges (GEWEX) Atmospheric Boundary Layer Study (GABLS)
(Holtslag 2006). From then on, similar features of sensitivity are shown in turbulent statistics from many
other studies based on GABLS1 case (Matheou (2016), Sullivan et al. (2016), Maronga et al. (2020)).
Especially, the simulation results from Sullivan et al. (2016) still displayed the grid sensitivity with the
implementation of fine resolution down to 2m, 0.78m and 0.39m. Maronga et al. (2020) attempted to
solve this issue by improvement of surface boundary layer condition. An elevated height is used to
calculate the surface flux based on flux-profile relationship. However, this approach is only practical for
the improvement of surface flux instead of vertical profiles of wind velocity and potential temperature
under stably stratified conditions.

It is well known that the dynamic subgrid model have the capability to adapt different atmospheric
condition and account for the grid size. Basu and Porté-Agel (2006) implemented a dynamic SGS
model in MATLES code system to simulate GABLS1 case and showed reasonable results even with
low resolution. Despite of the advanced dynamic model, current study put the focus on a static model.
Deardorff subgrid model (Deardorff (1980)) being a common used subgrid model is built in many numer-
ical models (list of models in Beare et al. (2006), Heus et al. (2010), Maronga et al. (2015), Gibbs and
Fedorovich (2016)). However, the limitations and improvements of Deardorff subgrid model have been
found over the years of research (Schumann (1991), Gibbs and Fedorovich (2016), de Roode et al.
(2017)). Schumann (1991) argued that operator used in the parameterizatoin of mixing length in
Deardorff SGS TKE scheme should only be used for eddy diffusivity instead of eddy viscosity because
the dissipation length scale increase with increasing shear. Gibbs and Fedorovich (2016) investigated
several adjustments of Deardorff subgrid-scale model and proposed a modified scheme considering
the dependence between the stability and eddy diffusivity. de Roode et al. (2017) presents an analyt-
ical solution of SGS TKE with the dependence on mixing length. Based on the observation of lower
Prandtl number near the surface, de Roode et al. argued the existence of excessive mixing near the
surface under Deardorff SGS model. Nonetheless, the sensitivity of grid size existing on the simulation
of Deardroff SGS model is not solved by these inspections (Jiménez and Cuxart (2005), Beare et al.
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2 1. Introduction

(2006), de Roode et al. (2017), Maronga et al. (2020)).

In the current study, the sensitivity of grid size in SBL is addressed by identifying several fundamental
issues of mixing length parameterization in Deardroff SGS TKE scheme (D80, Deardorff (1980)). A
revised mixing length formulation is proposed to tackle these issues (named D80-R). To evaluate this
new parameterization, a range of grid sizes are implemented in DALES code system (Heus et al.
2010) to simulate GABLS1 case. The simulation results are compared with the dynamic SGS model
(MATLES, Basu and Porté-Agel (2006)). To further validate the new scheme, three different surface
cooling rate cases based on GABLS1 are experimented to examine the effects of stability. To see the
independence of LES code system, the simulation results from PALM code system with D80-R scheme
are displayed. The sensitivity of numerical scheme and parameter prescribed in D80-R are explored.

This study have the following organization. The introduction is given in Chapter 1. In Chapter 2, the
modified Deadroff SGS TKE scheme is proposed based on the introduction of large eddy simulation,
description of subgrid models and investigation on mixing length scale. Followed by Chapter 3, the
description of GABLS1 and setups of GABLS1 cases for evaluation of modified Deardorff SGS TKE
scheme are detailed illustrated. The simulation results are demonstrated in Chapter 4. The model
validation and discussion are also included. Finally, the conclusion and future perspectives are given
in Chapter 5.



Large-eddy simulation

Large-eddy simulation as an advanced numerical technique developed for the representation of tur-
bulence flow mainly in atmospheric and engineering field. The leverage of LES is that larger scale of
motions are resolved on discretized grid and smaller motions are modelled using subgrid-scale model.
A spectrum of popular used subgrid models is created and developed over the years with endeavor of
accurate represention of the turbulent flow. The subgrid model from Deardorff (1980) is a popular and
intensively used scheme. However, several fundamental issue are found with this Deardorff subgrid
model. To handle this issue, a modified Deardorff subgrid model is introduced with a new parameteri-
zation of the mixing length formulation.

This chapter firstly introduces the large-eddy simulation by elaboration of various turbulent scales
in atmosphere and the leverage of implementing LES using subgrid-scale model(Sect. 2.1). To pa-
rameterize the subgrid motions, Section 2.2 demonstrates the requirements and the different type
of subgrid-scale models. The application of LES in stable boundary layer are discussed in Section
2.3. Lastly, the modified Deardorff SGS TKE is introduced by firstly the investigation of mixing length
(Sect. 2.4).

2.1. Introduction to Large-eddy simulation

The history of turbulence can be traced back to Leonardo da Vinci (c. 1500) who attempted to sketch a
diversity of turbulence flow and named them turbolenza. In the book Weather Prediction by Numerical
Process (1922), Richardson described the processes of turbulence development as following:

Big whorls have little whorls

That feed on their velocity;

And little whorls have lesser whorls
And so on to viscosity

The concept of turbulence development in Richardson’s perspective is that turbulence originates
from large scale motions which are easy to break into relatively smaller scale eddies. The notion here
called energy cascade will continue cascading successively for smaller eddies as well until the smaller
eddies are small enough. Finally the small scale motions dissipates to heat. A visualization of multiple
scales distribution of turbulence could be seen in Fig. 2.1 (figure taken from Schalkwijk et al. (2015)).

It was not until 1941 that Kolmogorov (1941) proposed a hypothesis that assumed the local isotropy
of the small scale turbulence and its universal properties in sufficiently high Reynolds numbers flow.
Based on this hypothesis, the relationship between length scale >, velocity scale (>) and time scale

(>) w >/ (>)todescribe turbulence could be revealed at various scale in Kolmogorov energy spectrum
shown in upper panel of Fig. 2.2. The energy spectrum at sufficient large Reynolds number presents a
variety of turbulence scale from largest integral scale  to smallest Kolmogorov scale . In other words,
the large scale of motions generated by the planetary or mesoscale dynamics produces energy. Then
the energy is transferring continuously as large size eddies twirl and rotate and shear to smaller scale
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Figure 2.1: Multiple scales of turbulence in atmosphere (Schalkwijk et al. (2015))

eddies until eddies size reach around Kolmogorov scale . The dissipation effect start to dominate and
kinetic energy dissipate to heat by small scale viscosity.

Based on Kolmogorov’s first similarity hypothesis, the small eddies within dissipation range have
universal properties that are dependent on viscosity and dissipation rate . The dimensional analysis
of these two variable to describe length scale , velocity scale , and time scale  in Kolmogorov

scale gives:
/

v/ (2.1)
w( )’/ (2.2)
w(/’)’ (2.3)

According to scaling from Kolmogorov scale to integral scale, dissipation rate at integral scale could
be approximated as:
u /> (2.4)

Combined equation 2.4 with Eq. 2.1, 2.2 and 2.3, the ratio between the smallest and largest scales
could be determined as:

>/ vRe’ (2.5)
/ uRe’ (2.6)
/ vwRe’ 2.7)

One who attempts to explicitly solve full scales in field e.g. a typical atmospheric layer would assume:
u7ms , > “10 m, 15410 m s (2.8)

The kinematic viscosity value is taken under the condition of dry air at 20°C and atmospheric pressure
of 1000mb from (List et al. 1951, p. 395). The Reynolds number could be calculated:

R >, ms  10m 7410 2.9
e = u w4, .
15410 m s A (2.9)

As a result, the ratio between integral scale to Kolmogorov scale and the Kolmogorov scale can be
calculated:

>/ w317410, 00003 (2.10)
/ v147410 100476 m's (2.11)
/ v216410 v 0,0066 (2.12)

In idealized case, totally around 3@ 10 grid points in three dimensional space are required to fully
explicitly represent this typical atmospheric layer, which far exceeds the capability of today’s numerical
computation. The method of fully resolving turbulence in all scales from Kolmogorov scale to inte-
gral scale is called Direct numerical simulation (DNS). The Navier-Stokes (N-S) equations have been
considered as the standard physical formulation for description of the turbulence structure and prop-
erties. When DNS is applied to integrate the N-S equations, it consumes expensive computational
resource and thus offers precise simulation dataset and fully detailed structure of the turbulence flow.



2.1. Introduction to Large-eddy simulation 5

A
2
=
o
)
Energy-containing Inertial Dissipation
range subrange : range
1
1
1
; 1 : »
k~1/1, log(k) k~1/n
Integral scale Kolmogorov scale
Resolved Lo
Direct numerical simulation (DNS) A’DNS
Resolved . Modeled
Large eddy simulation (LES) Ags
Resolved Modeled

Reynolds-averaged Navier-Stokes equation (RANS)

Figure 2.2: Kolmogorov energy spectrum at high Reynolds number (upper panel), where: k: wavenumber; E(k): the energy
corresponding to wavenumber i.e. eddy size; : integral scale; : Kolmogorov scale. Different numerical method (bottom
pannel), where , , are the scale resolved explicitly by each method respectively (This figure is adapted from
(Geurts 2003, p. 59))

Frequently, DNS datasets are used for model validation, verification and improvement. Due to the
expensive requirement of DNS, the workaround is to implement parameterization model within the nu-
merical simulation. Reynolds-averaged Navier—Stokes equations (RANS) decomposes the variables in
N-S equations into averaging part and fluctuation part. Then the Reynolds stress arose from treatment
of Reynolds averaging is parameterized using turbulence closure models. The N-S equations under
the Reynolds averaging operation results in a steady equations, which require less computational re-
sources but only provide information of averaging statistics.

As a compromise between expensive DNS and simple RANS, large eddy simulation (LES) is a
method that explicitly solves larger scale motions and parameterizes the small scale motions. Com-
pared to averaging operation in RANS, spatial filter in LES is usually implemented with convolution
operator for separation of high and low frequency motions. The motions left after the filter operation
are called resolved turbulence and the small scale motion filtered out are called subgrid (SGS) turbu-
lence.

The N-S equations derived from conservation law and Newton’s law of motion (a full derivation could
be seen in (Berselli et al. 2006, p. 32-35)) for incompressible flows are known as:

1
—_—+— = — +

+—(vk )+ (2.13)

Where s the velocity in three dimension, tis the time, is the spatial coordinate in three dimensions,
is the density, is the pressure, is kinematic viscosity, is the Kronecker delta, is other forcing
terms. Each term in Equation 2.13 from left to right represent inertia, advection, pressure gradient
force, viscous stress, buoyancy and other forcing respectively.
After the operation of spatial filter with width 'Y , the equations turn to :
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The tilde above each variable means the filtered variable after the operation of spatial convolution. The
residual stress as the product of spatial filter in Eq. 2.14 are usually parameterized in order to get
closure of the N-S equation. Over the years, the research on a variety of such closure models called
SGS models including eddy viscosity model, similarity model and dynamic model have been intensively
explored, which will be elaborated in Section 2.2.

2.2. Subgrid Models

A proper subgrid (SGS) model has two basic requirements (Geurts 2003, p. 223). The first one is the
energy transfer between resolved large scale motion and subfilter motions. The aim of subgrid models
is to parameterize the high frequency motion part (small scale turbulence lower than filter width 'Y ) so
that total resolved and modelled turbulence in LES are consistent with realistic nature or DNS simula-
tion with high fidelity. In perspective of energy spectrum (Fig. 2.2), subgrid models serve as a bridge
which have the function of energy transfer between the resolved motions and subgrid motions. The
energy transferring from resolved turbulence to subgrid turbulence and its backscatter process should
be well captured by ideal subgrid models. In this aspect, the difference between explicitly resolving
the interaction of various scale of motions and the parameterization modelling lays in subgrid model
bypassing the heavy integration of the partial differential equation by physical assumption of the depen-
dency of the flow structure. The second requirement is that subgrid models should not be essentially
affected by the filter width. As 1/°Y stays in inertial range, the dynamic effect of subgrid model such as
the interaction between motions should not be influenced by the filter width but the modelling subgrid
stress is dependent on filter width to agree with overall results.

From theoretical point of view, one of the major concerns for subgrid modelling is physical and
numerical interpretation of residual stress (SGS stress) term . An clear derivation of how residual
stress is decomposed into Leonard stress, cross stress and SGS Reynolds stress is shown in (Pope
2001, p. 583). The physical interpretation of each stress leads to various subgrid models discussed in
following subsection. Specifically, D80-based and D80-R schemes are introduced in a detailed manner.

2.2.1. Eddy-viscosity models

The eddy-viscosity models are probably the most often implemented type of subgrid models in LES.
Based on gradient hypothesis, the anisotropic residual-stress tensor " is assumed to depend on re-
solved strain rate tensor (Pope 2001, p. 581):

1 R
f= Reg =2 (2.15)

where:

" is anisotropic residual stress tensor

R is residual stress tensor
_ 0 if "
1 if =

is the eddy viscosity
is the resolved rate of strain tensor

Based on dimensional analysis, the dimension of eddy viscosity could be taken as multiplication
of a length scale and velocity scale. The popular eddy viscosity models such as smagorinsky model
and Deardorff SGS TKE scheme or the one would be proposed shall follow this dimension.

Smagorinsky model
Smagorinsky (1963) parameterized the eddy viscosity using a simple but popular formulation:

= v ] (2.16)
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ZLWK VWDELON VQ XWRW URIY XOWV DUH LQ DJUHHPHQW ZLM. K RRF\I D WD |

7KHUHDIWHU D YDULHW\RIVWXGLHV KDYH EHHQ FRQ GDOPVRIDG WR L
DQG 'HUE\VKLUHQG WKH UHVXOWV IURP PRVW RI WKHP IRQQRZXHE\WRE WO

7R GHDO ZLWK WKH H[FHVVLYH VKHDUOQNRQ W&B WKWHEDWHL VKR ZQ
%URZQ HW DOGDSWHG D VWRFKDVWLF VXEJULG PRGHO IURP ODVRQ DQG
WKH GHSHQGHQFH RI VWDELOLW\ DQG DFFRXQW IRUEDFNVFDWWHU SU
GLPHQVLRQDO VKHDU WHPSHUDWXUHJUDGLHQWDQG VXUIDFHREVHUY|
RI EDFNVFDWWHU HIITHOWUHDFRQWHDWWIDWHG WKH WXUEXOHQW VWUX



ORGLILHG 6*6 7.( 6FKHPH

E\D FRPSDULVRQ EHWZHHQ D RULJLQDO 6*6 7.( PRGHO DQG D WZR SDUW HG
SDUW HGG\ YLVFRVLW\ PRGHO LQFOXGLQJ D UDQGRP IRUFLQJLQ 6*6 VWUH'
HVSHFLDOO\ QHDU WKH VXUIDFH DQG DOORZHG WKH DJUHHPHQW ZLWK ORFI
VLPXODWHSEIUMHHLODOPDULQLLPSOHPHQWHG WZR /(6 PRGHODQG D RQH GL
PRGHO DQG UHVXOWYV VKRZHG DJUHHPHQW ZLWK H[SHULPHQW GDWD DQG OF

7KH FDSDELOLW)\ RI /(6 WR SURGXFH WKH PHDQ SURILOHYV DQG RWKHU VW
6%/ KDYH VKRZQ SURPLVH LQ DERYHPHQWLRQHG VWXGLHV 7KLV SURJUHV
RI REVHUYDWLRQDO VVREDIRY HW6H®+(%BHUVVRQ HW DOQG PRGHO
LQWHUFRP SMHDWHRBW D®%DVX HW DO $ FRPSUHKHQVLYH DQG UHODWLYHO)
VWDEO\ VWUDWLILHG ERXQG.RWRYDVHDQW &XFUTRHHG LQ WKLV VWXG\ ZLWK [
QRQOLQHDU 6*6 PRGHO LV GULYHQ E\ WKH LQLWLDO FRQGLWLRQ DQG ERXQ
LQ %HDXIRUW 6HD $UFWLF 6WUDWXV ([SHULPHQW %$6( 7R EHWWHU XQGH
XQGHU GLIIHUHQW VWDEO\ VWUDWLILHG FRQGLWLRQ WKH SDUDPHWHUV V
UDWH LQYHUVLRQ VWUHQJWK DQG URXJKQHVV OHQJWK DUH H[SHULPHQWH
DWPRVSKHULFFRQGLWLRQ *$%/6 FDVHZDVLGHQWLILHGDVDQLGHDOL]HG
IRULQWHUFRPSDULVRQ VWXG\RI/(6 7KHSURJUHVVDQG XQGHUVWDQGLQJE
GLVFXVVHG LQ 6HFW

ORGLILHG 6*6 7.(6 FKHPH

,Q FXUUHQW VWXG\ VHYHUDO IXQGDPHQWDO SUREOHPY DUHLGHQWLILHG L
ZLWKLQ RULJLQDO '"HDUGRUII 6*6 7.( ' VFKHPH XQGHU VWDEO\ VWUDWLIL
GXFWLRQRIQHZ SURSRVHG PL[LQJ OHQJW K HRIUHPXHODUNFIKRRY FRIHEQYWJ OHQJWK vV
UHYLHZHG LQ 6HFW

7KH PLILQJOHQJWK VFDOH
7TKHPLI[LQJOHQIJWK WKHRU\ ZBY DLQZWQ\LAWIKRWRMHDERR®I PRGHOOLQJ HGG\ Yl
E\DWKHRUHWLFDO IRUPXOD WKDW FRXOG EHHDVLO\WHVWHG E\H[SHULPH
E\B3UDQGWO DV IROORZLQJ WKHFRQVLVWHQW YDULDEOH QRWDWLRQ DUH V

Py
YTy

ZKHYHV PL[LQJ OHQJWK DQG WKH PRPHQWXP H[FKDQJH RI WwﬂEHXOHQW IORZ

+HUH 3UDQGWO FRQVLGHUHG W K HAPKLH LYQW EDYHHID VLKQYI DOUH @B/ FDI\D3S D U W L F O H
PL[HG ZLWK DPERWFKRHIGRZPHWHU R W KK UOXKIGWPPRWDR WO PHQWYV IURP 3UDQG
WKH XQNQRZQ TXDQWLW\ WUDQVIHUULQJ IURP HGG\ YLVFRVLW\ WR PL[LQJ
RI IORZ RQO\ EDVHG RQ OHQJWK VFDOH GLPHQVLRQ 3UDQGWO DGPLWWHG
FRPSOH[LQWHUSUHWDWLRQWRDFFRXQW IRU YDULRXVFRQIGRIVLRQ VXFK D\
'DYLGVRQ HW BO

7RDFFRXQW IRU WKH SUHRHQFHPROV X SURFSHRVHG WKH PL[LQJ OHQJWK IRUP

y uZ ztE

ZKHZHD QBEDUHWKHILUVWDQG VHFRQG GHULY DMWIWRQY .RU P HORFEQ WWDIBOWS H F
7KLV IRUPXOD H[SOLFLWO\ VROYHG WKH PL[LQJ OHQJWK EDVHG RQ ORFDO |
ORJDULWKPLF GLVWULEXWLRQ RDYHGRRRWW)BOU WKH VXUIDFH

,QWKH VWOB\WFNDGDUKHHGG\YLVFRVLW\LY SDUDPHWHUL]JHG XVLQJPLJ[L!
GLVVLSDWLRQ UDWHLQVWHDG RIZLQG VKHDU XQGHU QHXWUDO FRQGLWLR(

Pf » Yo Yo
ZKHUHVY HQHUJ\ GLVVLSDWLRQ UDWHQZBKENRGUBMOFXODWHG LQ

Ya Ya
CZ. Cc[ .. y
P O0—U UO—UE PpRX
C X C X



/DUJH HGG\ VLPXODWI

7KH FRPELQDWLRQ ROHE(HGYVY VXUSULVLQJO\ OHDGY WIRHIOU PRGHO WKH P
OHQIJWK QHDU WKH VI diMIBB A L\L WHKWWR FRORQGHIPDY LR RRUPXODWLR(
DQGDQDO\WLVRI/HLS]JLJZLQG SURILOH DQHZPL[LQJOHQJIJWKIRUPXOD .
QRWDWLRQ KDYHEHHQ FKDQJHG IRUFRQVLVWHQF\RIFXUUHQW VWXG\

y Ux jo
ZKHPHYV WKH SDUDPHWH Y ZK 0@ \WHHN KHRLYIJHKW UHDFKHV WR IUHH DWPRVSK
WHUL]JHG UHODWHG WR JHRVWURSKLFZLQGDQG FRULROLYVY SDUDPHWHU
L@ODFNDGDUV WR VLPXODWH ZLQG GLVWULEXWLRQ XQGHU QHXWUDO F
6XEVHTXHQWO\ WKH DSSOLFDWLRQ RIPL[LQJOHQIJWK VWDUWHG WR
IRUPXODV FRQILUPHG 3UDQGWOYV LQVLIKWYV RQ WKH UHT X/IDIFWPMHHIQW R |
DQG $U\D DFRPSUHKHQVLYH VXPPDU\RIPL[LQJ OHQJWK IRUPXODWLF
IRUPXODYV ZHUH WHVWHG XVLQJ RQH GLPHQVLRQDO PRGHO ZLWK 7.( FC
ORVWRIWKHVHIRUPXODWLRQV DGDSWHG IURBPWWBFPREDWGEGBUMR|ESD XD WH.V
RUDGG HIWUD WHUP WR DFFRXQW IRUWIWD RLDQ &\ Q OHBRIBNKDI N LBR®GD U
EXR\DQF\OHQJ[\/\WR\/IBBFHXQWIRUX\/I'_V\)VD\HKHL@\L\PD_QMG/ RI WKH ZzDOO $QGU
IROORZHG D PLQLPXP IXQFWLRQ EHWZHHQ Dl EXRGDAFD PMIG VK & A R OW k
,Q WKHFRQWH[W RI WKUHH GLPHQVLRRDIR ODQVN\BI@GQGDVIGFRRODWLRQ
LPSOHPHQWHG PL[LQJOHQJIJWK VFDOH ZLWKLQ WKHLU VXEJULG PRGHO
WUDQVIHUULQJ SURFHVVHY EHWZHHQ WKH UHVROYHG PRWLRQV DQG 6°
7KHUH DUH H{WHQVLYH UHVHDUFK RQ QHZ PL[LQJ OHQJWK SBHXIPHWHU |
HW DO VWDEOH FRQG L W&R[® UMD EHOWHD, O/ (QPRGH@®WDQH HW DO
TKHLQWHUSUHWDWLRQRIPL[LQJOHQIJWKKDVJURZQ ZLWHKMHOFRPIHFRPS
DQG $U\D &X[DUW HW D®HXD HW DO DQG YDULRXV WHVWXQOERDG HWLIRC
5RGLHU HW D®XDQJDQG %YRX =HLGRZHYHU LW LV IRXQG WKDW RQ
HITHFWLYH PL[LQJOHQIJWK SDUDPHWHUL]DWLRQIRUYDULRXVY FRPSOH["
HQRG VHYHUDO QHFHVVDU\HOHPHQWVY RIPL[LQJOHQJWKDUHIRXQG ED

f7KHILUVWRQHLVWKHGHSHQGHQFHEHWZHHQ WKH PL[LQJOHQJIJWK I
ILOWHU RUUDWLRRIJULG VLIHLQ H[SOLFLV$YLWKH L A R'WY B *BLHI WHKF R
WKHWXUEXOHQFH VWUHVYVY SDUDPHWHUL]HG E\ PL[LQJOHQJWK VKR

$7KH VHFRQG RQH LV WKH SUHVHQFH RiIXWXHU P ALH S 6W P/ QLVENDI GER B
XWHUBURVW DQG :\QJ DD Qiiix b, L®»DDV HW DOHDUGRUII
LQFUHDVHG WKH GLVVbIIOWHTRQ BMRUDEBWHUYDOXH WR DYRLG X

7.(EHFDXVH RIVPDOO GLVVLSDWLRQ UDWKW AO R WH RVAR\G KIREXY MG H
RQO\LQ QHXW UBBXERWE DWLRYOW DOVR VW D ERXHIFREY G WWL®E QQ F H
%ODFNDGDWHVWHG LW XQGHU QHXWUDO FRQGLWLRQ 7KH YRQ NDU
ORJDULWKPLF YHORFLW\ GLVWIHXDXNW PQ Q B YW & M R/ UMD BiD

+7KH VWDELOLW\ GHSHQGHQFH PLJKW EH D FRPSOH[ HOHPHQW WR U

VWDQGLQJ RI WXUEXOHQFH VWUXFWXUH XQGHU YDULRXV VWDELOL
FRQGLWLRQ WKH WXUEXOHQFHPL[LQJDUHPXFKLQWHQVHDQG WKF
QHXWUDO FRQGLWLRQ RWKHUIDFWRUV VXFKDV SUHVHQFH RIVXUIL
8QGHU VWDEOH FRQGLWLRQ YHUWLFDO VWUDWLILFDWLRQ OHDG W
VXOW WKHPL[LQJOHQJIJWKLVPXFKVPDOOHUWKDQLQFRQYHFWLYH
VWDELOLW\IXQFWLRQLQ SDUDPHWHUL]DWLRQ RI HGG\ YLVFRVLW\ [
IHF8X[DUW HW DVKRZHG D OLVW RI VLQJOH FROXPQ PRGHO 6&0 XVLC
GHSHQGHQFH RI 5LFKDdJ GWR)X QWREMPRUH EXR\DQF\OHQJWK VFDO
DQG EXR\DQF\ IUHAPKWGRUWOQ WKH /DJUDQJLDQ IRUP OHQJWK VFDOH
2EXNKRY OHQJWHJIX\DHIGDLIPW DONVKH FRPELQDWLRQ RI VKHDU DQG EX
VFDOBR®LHU HW DDQG WKH DSSURSULDWH 6KHDU OHQJWK VFDOH I
FROQGLWDRR®R HW DODUHLQYHVWLJIDWHG



6 XPPDU\

ORGLILHG 6*6 7.( VFKHPH
,Q WKLV VHFWLRQ WKHPRGLILHG 'HDUGRUII6*67.(VFKHPH ' 5 LVLQWURC
RI'"HDUGRUII 6*6 7.( VFKHPH ' DQG XQGHUVWDQGLQJRIPL[LQJOHQJWK 6
OHPV LGHQWLILHG LQ' ODWHUDUH SURYHG LQ UHVXOWV VHFWLRQ OHDGL
ERXQGDU\OD\HU 7R WDFNOH WKLV LVVXH DLQYHUVH OLQHBNQA®WHUSROD
EXR\DQF\ OHQ@WKTVFDORU SDUDPHWHUL]DWLRQ RI PL[LQJ OHQJWK LV SURSI|
$FFRUGLQJWR WKH GHVFULSWLRQ RI'P; \WPE RDBB WD 6 HPVOL B SHQGHQW R G
PLILQJOHQIWWZKVFIDWSDUDPHWHULJEGHQ QHXW U PO PROIQIEEDW HRR® O\
GHSHQGHDPW®QKH SDUDMHWHIV DQW (T DUH FRQVWpB WDQE
XQGHU WKLV FRQGLWLRQ ,Q YHUS D YDERHFKR QG L WIFRIQX DAV R
DSSURDFKL@pHDRBOV WR 8QGHU VWDEO\VWUDWLILHG FRQGLWLRQ WKH
WHUPV DUH PDLQO\ WKURXJK WK HQE XRDIQ¥H 0 HQIGHUVWWDEO\ VWUDWLILHC
LI WA\SLFDO YDOXH Rl WHP S PUDWIXWHNHID B G UHIHUHQFH WHPSHUDW X
.DUH XVHG IURP LQLWLDO FRQGLWLR®K ERKIO QR OMRWWK VFDOH LQ
FRQGLWLRQ UHVXOWV LQ DURXQG P LQ WKH ORZHU SDUW RI ERXQGDU\ OD
LV FRPPRQ SUDFWLFH WR LPSOHPHQW ILQH UHVROXWLRQ ORZHU WKDQ P W
%HDUH HW DO (VSHFLDBOX@OLYDQ HW DOJDQJH RI JULG VL]H P P DQG
P DUH XWLOL]JHG WR H[SHULPHQW WKH JULG VHQVLWLYLW\LVVXH $V D GL
yZLOO EH GRPLQDQW EAVPDORI WHMXIHQRWKH ORZHU RU PLGGOH SDUW RI 6%/
VWDELOLW\ OHQJWK VFDOH 7KHQ WKH JHQHUDWLRQ RI WXUPXOHQFH GHSH
P,DQGZLOO GLPLQLVKWR D ODUJHH[WHQW 7KHPRGLILHG®HRDFEXOGWURQ RI F
DQBURVW DQG :\QJDDEBSOLHVDLQYHUVH OLQHD Wi xDQQGHEXSRROQW\LRQ EH\
OHQIWKQIF@EOH 1HDU WKH \iXW HUFHL V VP D@ DKILFW IOH® GV WR LQIOXHQWLDO
SUHVHQFH RI Vix® HOFFDHXKE'\H RI WKH LQYHUVH RS H U D WIRKD LEVHWD K B KIHQ B W W/DI\RHHW
WR D ODUJHU QXPEHU DQG WKH ERX\DQF\OHQJWK VFDOH VWDUW WR FRQW UL
SK\WLFDOO\H[SHFWHG 7KHDGYDQWDJH RI WKLV R 8 kDUDQMRUVIPR\R WKW W K H V
WKPQ®SHUDWRU

y ux Q

7KLY UHYLVHG IRUPXODWLRQ RI PL[LQJ OHQIJWK WKHRUHWLFDOO\ SURJU
GRPLQDQW UROH RIJULG VSDRZQWEX K/X@ VY WQAHVEXMVRWKM LRQ DUH UHTXLUHC
ERXQGDU\VLPXODWLRQ &RQFXUUHQWO\ WKHSUHVHQFH RKKMDIDFH LYV FRC(
WKH VXUIDFH :KHQ WKH K HILXWHNU PRME NKHV FOHHWY/ V FIRQ W K H BEXWMIRFKD OQV XU ID FH
ZRXOG UHYHDO $W WKH VDPH WLPH WKHEXR\DQF\OHQJWK VFDOH QHDU W
VPDOO YDRXKHRWR SUHVHQFH RI WKH VXUIDFH 7KHQ WKH EXR\DQF\ OHQJWK
DVWKHWXUEXOHQFH IORZ9ODIQDG'HH VL W ®& HH WXIUOQ MKH FDVH R VFKHPH WKH
VWDELOLW\ GHSHQQH®XDBIEWHGLRQWHG LI WKH XVHG QH V@ BR@WRQ VYW VPDC
' 56*6 PRGHO HOLPLQDWHYV WKLY OLPLWDWLRQ 7Kdl VRKSIHIED RVQRH) IM/RW K H
LQYHUVHOLQHDULQWHUSRODWLRQ ZKLFK R)S/W\RLH?XR-\DWF@‘H@HW\MK/WDJGDPQV
+RZHYHU WKH VXBYWEM KWXRBWRWKH GHSHQGHQF\RIPL[LQJOHQIJWKRQILO
RQJULG VL]H 7KHHIIHFW RIJULG VL]HH QQB 57\KFKHPBIOXDWORQERI ' 5LQ
WHUPV RIVLPXODWLRQ UHVXOWY DUH SUHVHQWHG LQ &KDSWHU

6 XPPDU\

,Q WKLV FKDSWHU WKH QHZ SDUDPHWHUL]DWLRQ RI PL[LQJ OHQJWK LQ '
RULJLQDO' VFKHPHZLWK WKHFRQVLGHUDWLRQ RI WKUHHHOHPHQWYV RI P
VXUIDFH XKWRQIVLGHUV WKH HITHFWV RI D ZDOO RQ HGG\ VLIHDQG DOVR DYR
E\A 7KH EXR\DQF\OHQJWK VFDOH WDNHV FRQWULEXWLRQ WR VWDELOLW\ HI
LPSOLFLWO\IHOW WK DR®IJK SDUDPHWHU






"HVFULSWLRQ RI WKH V

,QFXUUHQW VWXG\ *$%/6 FDVHDVDQLGHDOL]HG PRGHUDWH VWDEOH FRQ(
WKH 'XWFK $WPRVSKHULF /DUJH HGEGAXVRXOD® LRQWSHRAEY PDLQO\ LPSOH

PHQWHG IRUWKH QHZ SURSRVHG PL[LQJ OHQJWK IRUPXODWLRQ LQ '"HDUGR
WR WHVW WKH PRGLILFDWLRQ LQ"' 5LV LQGHSHQGHQW RI VSHFLILF FRGH
*$%/6 /(6 IURP 3%$/0 PROURQIJD HWDQ@V SUHVHQWHG DQG FRPSDUHG 7R IXUW
LQHWKHSHUIRUPDQFHRI'" 5 XQGHUKLIJKHUVWDELOLW\FRQGLWLRQ VWU
FDVHV DUH VLPXODWHG )RUFRPSDULVRQ WKMDERWRGHWR UMRP HDIHTO(6 PRGH
ZKLFK XVH VFDOH GHSHQGHQW G\QDPLF 6*6 PRGHO /$6'" DUH ODLG RXW LQ
WKH GHWDLOV RI DOO H[SHULPHQW VHWWLQJV WKH RUJDQL]DWLRQ RI WKL
IRRWSULQW RI *$%/6 DUH GHVFUKHEIGE Y QUUIHHEAWIRPRI VHWXSV RI *$%/6 DQG
RI *$%/6 FDVHV DUH SUHVHQWHBGB\WPYHRWDRQ WKH H[SH WIQPHHOPWW. RFQEOH

LVSUHVHQWHG

*$%/6
'LWKLQ WKH SURJUDP RI *OREDO (QHUJ\DQG :DWHU &\FOH ([SHULPHQW *(:(;
ERXQGDU\OD\HU VWXG\ *$9%/6 W\QA.D\VP DMWH®B BLPV DW FRPSUHKHQVLYH XQGH#
LQJRIDWPRVSKHULF ERXQGDU\ OD\HUDQG LWV UHSUHVHQWDWLRQ LQ QXP
VWDEOH ERXQGDU\ OD\HU 7R DLP WKLV HQG WKH ILUVW LQWHUFRPSDULVR
GHU VWDEOH FRIQIBUM HRQDIOR G VLQJOH FROXP Q RRXGBIOW6R\ DU H
ODXQF%HGUHHW DODQYROYHG HOHYHQ SDUWLFLSDQWYV ZLWK GLIIHUHQW 6*6
LRXV DVSHFWV RI FRPSDULVRQ VXFK DV JULG VHQVLWLYLW\DQG 6*6 PRGHO
RIUHSUHVHQWLQJ VWDEOH ERXQGD U\ O Po\HDIWHSH WFX® KR BHIOQWHKIHF WR R Q
VLVWHQW UHVXOWV IURP PRVW RI WKH /(6 PRGHOV DQG-REWW EDQ EW WO N H (
IRUHYDOXDWLRQ RI QXPHULFDO PRGHO LQFOXGLQJ QHZ SDUDPHWHU

SUHGLFWLRQ PRGHO ,Q DGGLWLRQ WKH YDOXDEOHLQVLJKWV IURP *$%/6
WXUEXOHQFH VWUXFWXUH XQGHU VWDEOH FRQGLWLRQ

7KHDGYHQW RI /(6 LQWHUFRPSDULVRQ EBAHMVHGIRHQV*DBREQ GBFVWHQ WK H
SUHFHGLQJDQG IROORZLQJUHVHDUFKRQ UHSUHVHQWDWLRQ RI VWDEOH E|
VRQ RI ODUJH HG G\ %IHDXHDHWW. RQMKH SURJUHVV R1 /(6 LQ 6%/ KDYH EHHQ ORQ
GXH WR WKH ODFN RI XQGHUVWDQGLQJ RI VWDEOH ERXQGDU\ OD\HU DQG O
DUH RQO\VRPH VWXGLHVY KDYH EHHQ UHSRUWHE& G\HFXW VHGAHVEKIF W UV W
SUHKHQVLYH /(6 BYREDQG 'HUE\VKWKBW WKH GHYHORSPHQW RI /(6 6%/ KDY
SURJUHVVHG DV WKH FRPSXWDWLRQDO SRZHU LQFUHDVHV 7KH HQGHDYRL
VWDEOHERXQGDU\OD\HU PHHW ZLWK WKH LQLWLDOL]DWLRQRI*$%/6 FDVH
LQYHVWLIJDWLRQ RI Y D URA\RRYLFEFOQGEL XL RQ\V L Q

2YHU WKH \HDUV WKH IUDPHZRUN RI /(6 XQGHU VWDEO\ VWUDWLILHG FRQ
DVSHFWV RI EHWWHU 6*6 PRGHO VXUIDFH OD\HU UHSUHVHQWDWLRQ DQG FR
SDULVRQ WHDEG\H. QW DDDV ODXQFKHG B6RPHLQVLIJKWV RQWXUEXOHQFH VWU
UHSUHVHQWDWLRQ KDYH EHHQ JDLQHG IURP *$%/6 DQGIHNMHIW @R PRUH F



'"HVFULSWLRQ RI WKH VLP)

&X[DUW DQDO\]HG WKH KLJK UHVROXWLRQ *$%/6 GDWHVHW XVLQJ SUJ
LQVLIKWY RQ WKH UHODWLRQVKLS EHWZHHQ WHAMWRKXNERGRO BB VMW X F\
IRXU 6*6 PRGHOV EDVHG RQ WKH WHVW ILHOG RI *$%/6 WR HYDOXDWH \
RYHUHVWLPDWLRQ UHVXOWV IURP WKH GHDUGRUII 6+B0QJVF®E PARXW F
=HLG LQYHVWLJDWHG WKH WXUEXOHQFH VWUXFWXUH XQGHU GLIIHUF
*$%/6 ZLWK GRXEOH KRUL]JRQWDO GRPBXQIYB Q, @WLRRSDWALNRIVHG W
EXOHQFH VWUXFWXUH XQGHU D UDQJH RI FRROLQJ UDWH FDVHV DQG G
FDVH

+ROWVODIDQDO\|HG WKH SUREOHP RI HQKDQFHG PL[LQJ WKXV OHDGL
LQ ZHDWKHU SUHGLFWLRQ PRGHO 7KH DWWHQWLRQ RI SUHVHQFH RI V
EHHQ GUDZQ LQ W&W HHDHX\HROIG HBKDLGK DGGUHVVHG WKH HQKDQFHG P
PLVUHSUHVHQWDWLRQ RI VXUIDFH ERXQGDU\ FRQGLWLRQ :LWK WKHF
6WHHQHYHPRPSW DG WKH PHWKRGV RI VXUIDFHHQHUJ\EDODQFHDQG E
PHWKRGYVY OHDG WR VKDOORZHU ERXQGDU\ OD\MDWOVXQEWWORQUEWD VXU
DDQDO\VWLFDO DSSURDFK SURYHG WKDW VXUIDFH ERXQGDU\ FRQGLWL
UHDOLVWLF UHVXOWY WKDQ VXUIDFH VHQVLEOH IOX[ XQGHU PRGHUDW
6YHQVVRQ DQG +ROWNOWKHUPRUH WKHUHODWLRQVKLS EHWZHHQ WKF
VWUHVVDQG ERXQGDU\OD\HU KHLIJKW LV H[DPLQHG EDVHG RQ *$%/6 GD
7KHUROHRIILUVW JULG OHYHO LVRIJUHDW LPSRUWDQFH WR JLYH EHW
SDUDPHWHUL]DWLRQ RI VWDEOH ERXQ6W HHQ BWYWHUOIKGHH WRINGEG R 8 B MHGH L
IULFWLRQ YHORFLW\ VXUIDFH ERX\DQF\IOX[ FRULROLY SDUDPHWHU LC
DIITHFWHG E\ ILUVW JUL GOBHIRIKIND HWR DVHRWBRVHG DQ HOHYDWHG JULG S
ORQLQ*z2EXNKRY 6LPLODULW\ 7KHRU\IRU WKH FDOFXODWLRQ RIVXUIDF
GLOHPPD RI FKRRVLQJ WKH YHUWLFDO UHVR®RWX ®PQ G QBFVKH YLRODW.L

,Q WHUPV RI FRPSOH[LW\ RI VXUIDFH WKH KHWHURJHQHLW\ RI VXUIDF
H[SHULPH@WROOQ®QG 3RUWPLIIBBU DQG 6WREGLAJRQRY DQG 6X0O0OLYDQ
7RIHW EHWWHU XQGHUVWDQGLQJRIPRUHUHDOLVWLF VFHQDULR RI KH
WKH WHPSBWR®OUH G 3RUWpPISIGIOPHQWHG G\QDPLF VXEJULG PRGHO W
RIDGDSWHG WKH *$%/6 FDVHV Rl ZKLFK WKH VXUIDFH FRROLQJ UDWH D
FRPSDUDYRQHU DQG 6WWGGLHG WKH KHWHURJHQHLW\ RI VXUIDFH URX.
FRQGLWLRQ XVLQJD VHULHV RI /DUJHHGG\ VLPXODWWRIQEMNWHDB®RQ *$%
FRQVLGHUHG DERXW WKH VPDOO VFDOH SURFHVVHV LQFOXGLQJ WKH S
VWDEOH VWUDWLILHG FRQGLWLRQ EDVHG RQ DEGDREOVDIVQ.® @ RRU Wi6$ 6 HIOD
OLURQRY DQG 6XOQQYBIQWLIDWHG WKH KHWHURJHQHLW)\ Rl WKH VXUIDI
WKH OHQJWK LQ VWUHDPZLVH GLUHFWLRQ ZLWK UHYLVRQ RI *$%/6 FDV

7KH *$%/6 FDVH DV D JROGHQ EHQFKPDUN IRU /(6 6%/ VWXG\VKRZV JL
RI QXPHULFDO PRGHO DQG XQGHUVWDQGLQJRIWXUEXOHQW VWUXFW X
YDOLGDWLRQ H[SHULPHQW LQ VLPXODWLQJVWDEOHERXQGDU\ OD\HU K
ODWLRQ PRGH®@ D$X/D&®G 3RUWp $IH®B +HXV HW DO 3$/00DURQJID HW DO

OLFURBEQ +HHUZDDUGHQ HOWRDG ROQHILTXH] DQG 6W BHURRB RV H G
DOLQHDU DOJHEUDLF VXEJULG VFDOH PRGHO WKDW DVVXPHV WKH 6*6
IXQFWLRQV 7KLV PRGHO LV YDOLGDWHG XVLQJD FDVH ZLWK FKDQJLQJ
*$%/6 FDVM DQG 3RUWp $JHODOXDWHG D G\QDPLF 6*6 FORVXUH PRGHO :
VWDEOH FRQGLWLRQ *$%/6 FDVH LV DGDSWHG ZLWK GRXEOH KRULR]C
FRQGLWLRQ 7KH UHVXOW DWBHVDQDDI® BR B WQ VOIMDAKKRZ OHVV JULG VHQ
LW\ ,Q WKHODWKCHRA DQG &KXQJIQHZ VWUHWFKHG YRUWH[VXEJULG PRC
VLPXODWH WKH DWPRVSKHULF ERXQGDU\ OD\HU LQ YDULRXV VWDELOL
WKH VWDEOH FRQGLWLRQ *$%/6 FDVH LV VLPXODWHG DQG WKH UHVXO
WLRQVYHIUH HW DO,Q FRPSDULVRQ 7KH VLPXODWLRQ RI FRQYHFWLYH E
ERXQGDU\ OD\HU DUH HYDOXDWHG XVLQJ D PLQLPXP SEND UIDUGE. RRLPR

7KH *$%/6 FDVH LV DJDLQ VLPXODWHG KHUH ZLWK G RXEMMHUR UL]F
HW DO 7KHVLPXODWLRQ UHVXOWY VKRZ OLWWOH VHQVLWLYLW\WR J
VFDOLQJ K\SRWAKHE VMWD GW

ORUH WKDQ ODUJH HGG\ VLPXODWLRQ WKH SHUIRUPDQFH RI VLQJOH
GHYHORSHG ZLWK UDSLG VSHHG EDR/GIGLR R DS/ 6 QFKODWBVRORVHG D 10 X|
SURILOH 6&0 EDVHG RQ ORFDO VFDOLQJ K\SRWKHVLV DQG YDOLGDWHGC



&DVHV VHWXS

ORFDO VFDOLQJ K\SRWKHVLV WKDW GHVFULEHV WKH WXUEXOHQFH VWUXFV
RULJLQDWHBXZRWDGWQG H[DPLBHBGX.BW DD QEDQ 'RSDQG $[HOVHQ
%DVHG RQ WKLV KRERW KWW DWDGRSW D VWDQGDUG 6&0 ZLWK D WXUEXOHQF
H[DPLQHG XVLQJ *$%/6 FDVH )XUWKHUPRUH =ELJQLHZ6RUEMDQ LQYHVWL
XQGHU VWDEOHFRQGLWLRQ ED V6RUEQYD Q WEERRUEWRG HQ MHUPV RI WKH
FRPSOH[VFHQDULRY WKH WUDQVLWLRQ RIGLXUQDO F\FOH IURP 6%/ WR &%
H[SOLFLW DOJHEUDLF WXUEXOHQFH PRGH O/ VR U RPXO-DWDR Q QWK® *$%/6 FDV
HWDO DPRGLILHG6*67.(VFKHPHLQ6&0LYVY SUHVHQWHG WRVLPXODWHG YL
FRQYHFWLYHERXQGDU\OD\HU VWDEOHERXQGDU\OD\HU *$%/6 DQGPRLV)
PHVRVFDOH PRGHO DQG /(6 LV LQVSHFWXKGRE VBB RO H\Wo DEQE®L Q D
HW DO

'LWKLQ WKH VXEJULG SDUDPHWHUL]DWLRQ PL[LQJOHQJWKVFDOHLVDFU
WLRQ %DVHG RQ VLPXODWLRQV RQ *$%/6 FDVH VKHDU OHQJWK VFDOH LV ¢
UHVXOWYV WKDQ EXR\DQ% XD HGWVXO/EODRIQQQG 9HQD\DJDP BRGWHUY
HW DO ,Q VXPPDU\ YDULRXV SDUDPHWHUL]DWLRQV RI PL[LQJ OHQJWK RU
DERYH DUH PDLQO\YDOLGDWHG E\*$%/6 RUH[WHQVLRQ RI *$%/6 FDVH ZKL
SRSXODULW\DQG TXDOLW\ EHLQJ JROGHQ EHQFKPDUN )XUWKHUPRUH *$%
WR PDQ\DSSOLFDWLRQV VXFRKUWDNWpZ$ DHEOHQM B DQG 3RUWp $JIBROUWp
$JHO HW DO%KDJDQDJDUDQG 'HERRGMK. JR HW D,0H DQG $UFKHW QG
SDUWLFOH GAWSHQM.R®HW DO

&DVHV VHWXS

7KLV VHFWLRQ GHPRQVWUDWHY WKH SUHVFULSWLRQ RI *$%/6 DQG WKH VW
LQJ FDVH LQ '$/(6 VIVWHP 7KH SUHVFULSWLRQ RI *$% /8 HDOQU FXHW HD@W VW X
7KH LQLWLDO FRQGLWLRQ KDYH D PL[LQJ OD\HURI .SRWHQWLDO Wt

JLRQ )LJ 2Q WRS RI WKDW LW LV LQYHUVLR®KYD\HUHZLQLKVILQW HQ QGWASRHH C
SURILOHIROORZV FRQVWDQW JHRZWURKKWKHAICIG®MEWHB@®LQ HDVW ZHVW
WKH VXUIDFH ZLQG YHORFLW\ LV JHUR ,Q WKH FRQWH[W RI16*6 7.( VFKHPH
EXOHQW NLQHWLF HQHUJ\ LV SUHV FUX EH® A1 QU WTKKHD WHRIXW EHORZ P
$ERYH WKDW KHLJKW WKHLQLWLDO YDOXHRI6*67.(HTXDOV WR JHUR

7KH VXUIDFH ERXQGDU\ FRQGLWLRQ LV SUHVFULEHG XFLIQJ WKUHH VXUIL
P 6 P6IRU KRXUV WR UHDFK VWDEO\ VWUDWLILHG FRQGLWLRQ ,Q DGC

— A% ODWLWIXGHKH VXUIDFH URXJ K QRIY N RMHHIWXP DQG VFDODU DUH DVYV
WR EH P ZKLFK IROORZV W% H BSWH WRAULROTRLRQARZ WKH WXUEXOHQFH WR JI
DWLQLWLDO WLPHRIVLPXODWLRQ WKHUHLV UDQGRP SHUWXUEDWLRQ RIS
WKH VWDQGDUG GHYLDWLRQRI .DQG]HURPHDQ

%DVHG RQ WKH DWPRVSKHULF FRQGLWLRQ SUHVFULEHG DERYH WKH HQY
ZLWK D GRPDLQ VE}H RI— PP 7R WHVW WKH DIRUHPHQWLRQHG JULG VL]H VH
ZLGH UDQJH RI LVRWURSLF JBLGRSPFLQP P P P P FRUUHVSRQG

JLIXUH /HIW WKHLQLWLDO FRQGLWLRQ RI SRWHQWLDO WHPSHUDWXUH SURILOH EOXH OL(
$UDNDZD &ODWIRJID HW DO



'"HVFULSWLRQ RI WKH VLP)

LQJWRJULG SRLGWY Rt *» » % | QWKUHHGLPHQVLRQDUHLPSOH
VHWXS SURFHVVHV RI KRZ WKH PUHVROXWLRQ FDVH ZLWK VXUIDFH F
LV GHWDLOHG LOOXVWUDQWHRIMWLREGWQAUSSIRDRIR RLQJ WKHVH VWHSYV
VLPXODWLRQV ZLWK GLITHUHQW JULG VL]HFRXOG EH VHW XS E\VLPSO\F
VLRQLQ '$/(6 VIVWHP ,Q FRPSDULVRQ WKHVLPXODWLRQ UHVXOWYV IUR
G\QDPLF VXEJULG PRGHO LQ 0$7/(6 FROOVX\NQ/G BRASW'Y SUMWDYDNHQ DV D
EHQFKPDUNLQ WKHFXUUHQW VWXG\ 7KH JULG VL]H XVHG LQ /$6"'' LV

,Q WHUPV Rl WKH QXPHULFDO VFKHPH DSSOLHG LQ PRGHOV WKH GRF
JULG ZLWK WKH DUUDQJHPHQW W\SH RI DQ $UD KR DX RHULFD 9OR XY@ Q Q|
SDUWLDO GLIIHUHQWLDO HTXDWLRQ IRU YDULRXV YDULDEOHV VFDODU
DSSO\ILQLWH GLIITHUHQFHPHWKRGDQG 0$7/(6 FRGH XVHV SVHXGR VSHI
0$7/(6 D QG RUGHU $GDPV %DVKIRUWK VFKHPH LV XWLOL]JHG '$/(6 DQ
RUGHU 5XQJH .XWWD VFKHPHDORQJZLWKD WKRUGHUDGYHFWHBQ VFK
DQG 6NDPDURFN$V IRU YHUWLFDO GLUHFWLRQ '$/(6 KDYHD QG RUGHL
VFKHPH LV XVHG E\ 3%$/0

7KH WLPHAMRUSIVQWHIUDWLRQ LQ '$/(6 HTXDOV WR FRQVWDQW V WF
WHPSRUDO VSDFH +RZHYHU WKH VLPXODWLRQV IURP 3%/0 PRGHO XVH
PRGHO KDYH D IL[HG WLPH VWHS RI V. ,Q WKLV VWXG\ WKH WRWDO
RI WKHPRGHOVXWNRQHMMW. ROV VHW WR UHDFK WKH TXDVL HTXLOLEULXF
SUHVFUL WERKIEQ WKH VWDWLVWLFV VDPSOLQJLQWHUYDO RI WKH V
WKHRXWSXW LV ZULWWHQ ZLWK LQWHUYDO RI PLQXWHYV

7KH WUHDWPHQW RI VXUIDFH FRQGLWLRQ LQ '$/(6 DQG 3%$/0 FRGH IRC
WKHRU\ 0267 WKHSURFHVVHVRIZKLFKLQFOXGHWKHIOX[SDUDPHWH L
RI 2EXNKRY QHQURMKSUHVFULEHG VXUIDFH ZLQG VSHHG DQG WHPSHUD\
KHLJKW VKRXOG QRW EH LQ URXJK QoH YDWXEODEHDF Y HUDKAMX& UHQW VW X (
WKLV SUHFRQGLWLRQ PLJKWEH YLRODWHG IRUWKH H[SHULPHQWYV RI JI
UHVROXWLRQ FDVHV DUH VWLOO LQFOXGHG IRULQYHVWLJDWLRQ ORU
XQGHU FXUUHQW H[SHULPHQW FRQGLWLRQ HYHQ ZLWK JULG VL]H ILQH!
FDVHLQ WKH FXUUHQW VWXG\

2QHDGGLWLRQ QRWH LV WKDW WKHRQO\GLIITIHUHQFHEHWZHHQ WKH"'
WKHIRUPXODWLRQRIPL[LQJOHQIJWK 7KHSDUDPHWHUDQGRWKHUIRUF
RULJLQDO PRGHOIRUERWK '$/(6 DQG 3%/0 7KHUHDUHVOLJKWO\GLIIHUI
DQG 3%/0 FRGH V\VWHP ,Q GHIDXOW' VFKHPH D GLIIHUHQW IRUPXOD F
3%/0y kgl X A XQGHU VWDEOH FRQGLWLRIQ HTXDOF WRKBEBBLWLRQ
7KH SUHVFULEHIS BIUXPBOW MR DQG IRU '$/(6 FRGHDQG 3%$/0 FRGH Ul

6 XPPDU\

7KLV FKDSWHU GLVSOD\V D WKRURXJK GHVFULSWLRQ RI VHWWLQJ XS W
VFKHPH UHJDUGLQJ WKH HVVHQWLDO UROH RI *$%/6 FDVH LQ XQGHUYV
YDOLGDWLRQ ZLWK KLJK ILGHOLW\ GDWD 7KH FRPSWRHKH GWQAOWEMW L
WKH VLPXODWLRQV RI *$%/6 XVLQJ D UDQJH RIJULG VL]H YDU\LQJ VWTE
LQGHSHQGHQFH /DWHU YDOLGDWLRQ VHFWLRQ LQF O XG S WDKPH WHQV L
GLVFXVVHG LQ 6HFW

7DEOH 7KH VXPPDU\ RI WKH H[SHULPHQWY ,Q WHUPV RI URVRPXWLRQFDNFHW $// PHDC
P P DQG $// PHDQV 3%/0 FRGH V\VWHP UXQM HOWWHUPKYVH BDUWLFLSDWHG FRGH V\VW
FRGH VA\VWHP FRUUHVSRQGV WR WKH RYHUODLG OLQHV LQ WKHUHVXOWY VHFWLRQ 6HFW

([SHULPHQW 5HVROXWLRQ FDVHV 3DUWLFLSDWHG FRGH VA\VWHP

6WDELOLW\ $/1/ '$/(6 0%$7/(6 . K . K . K
&RGH V\VWHP LQGHSHQGH/QFH '$/(6 3%$/0 0%7/(6 . K
6HQVLWLYLW\RIDGYHFWLR® VFKHPH '$/(6 . K
6HQVLWLYLW\ Ryl SDUDPHWHU "$/(6 K




SHVXOWV DQG 'LVFE>

,Q RUGHU WR HYDOXDWH WKH SHUIRUPDQFH RI PRGLILHG '"HDUGRUII 6*6 VFI
VFULSWLRQV RI WXUEXOHQFH IORZ IURP GLITHUHQW VWDELOLW\ FDVHV RI
7TKHVH VWDWLVWLFDO DQDO\VLYVY DUH FDWHJRUL]J]HG LQWR WKUHMWHFWLRQ
RUGHU 6HFWQG VHFRQG RUGHU VWDWANWYWHGER QWKW FKDUDFWHULVWLFV GH
WKHVH VWDWLVWLFDO DQDO\VLYV LW LV IROORZH GZK\LFE& ®LCNEURAMD/MAH B QKA V
VHQVLWLYLW\ RI WKHDGYHFWLRQ VFKHPH DQG SUHVFULEHG SDUDPHWHU L
3$/0 PRGHO LV LQFO X G HEOVIRQGMHFPFRHQYAWMYDWH WKHLQGHSHQGHQFH RI /(6 FRGH

/KHVWDWLVWLFDO UHVXOWYV

7R VSHFLI\WKH OD\RXW RI IROORZLQJ ILJIXUHVLQ DGYDQFH WKH YHUWLFDC
DQ H[DPSOH VKRZQOLWH) BDDQDU DYHUDJLQJ DQG WHPSRUDO PHDQ SURILOH
WKH VLPXODWLRQ 7KHHLJKW OLQHV DUHUHSUHVHQWLQJGLIIHUHQW UHVR
RXW ZLWK D GDVK OLQH IURP 0$7/(6 FRGH IRU FRPSDULVRQ 7KH VLPXODWLR
' 5 VFKHPH DUH RUJDQL]HG LQ WRS DQG ERWWRP SDQHO UHVSHFWLYHO\
FDVHV DUH ODLG RXW IURP VXUIDFH FRROLQJ UDWH . KWR . KZLWK . |
WLPH VHULHV LQ DHHVBIORRWWHG ZLWK VDPH LQWHUYDO PLQ DV WKH GDWD R

+HUHDIWHU WKHILIXUHVLQ VWDWL\KWDIYFHD\CLP HEOWUR@\KKM YV DV ILIXUH R
OHQJWK DQG WKRVH GHVFULSWLRQV VKDOO QRW EH GXSOLFDWHG

%HIRUH GLYLQJ LQWR VWDWLVWLFDO GHVFULSWLRQ WKH 6*6 PL[LQJ OH
EHWZHHQWKH' DQG' 5VFKHPHLVILUVWORBWHHHVORGHGHIQ)SDQHO RI)LIX
YyLQ WKH GHIDXOW FAVGDGIOXDOE WRDFLQJ FDVHV ZLWKLQ D P UHJLRQ QHD
DIWHU GHIAPRHBHDROORZLQJ (D UDQJH RI JULG VSDFLQJ LQ WKLV FDVH DUH
EXR\DQF\ OHQIWEKWERXOBG EH H[SHFWHG 7 KHRALD K WHEFDDXHUREHG WR HLW
RUERWK RI WKH GRPLQDQW YDOXHDRIGZHD.NOLYWDEOH VWUDWLILFDWLRQ
VWDELOLW\ FULWHULRQ WR XVH /E LV QWY PWRNULHE OMHMHDWLRQ FDQ EH
KLIJKHU VWDELOLW\ FDVHV H[FHSW WKDW VRPH GLIIHUHQFHY DUH QRWLFHC
ILUVW GLITHUHQFH AYRWKHKKHYUQWLRIJ R1 WKH KHLJKW DUH IURP URXJKO\
PIRUVXUIDFH FRROLQJUDWH FDVH RI . K WR . KDQG . KUHVSHFW]
RIYLHZ VKDOORZHU ERXQGDU\OD\HU KHLJKW FDXVHG E\ VWURQJ VWDELOL
HDFK FDVH %DVHG RVKHT%UXQW 9ILVIOI IUHTXHQF\ WXUQV ODUJHU DV WKH
VWURQJHU $V D UHVXOW WKH EXR\DQF\ OHQJWK VFDOH UHGXFHV WR D O
EHFRPHV OHVV VWULFW DFFRMWGLHGX¥R GTUHVWULFWLRQ FDQ EH REVHUYHG
VWDEOH FRQGLWLRQ ZKHUH WKH PL[LQJ OHQJWK DW FRDUVHU UHVROXWLR
FRPSDULVRQ WR' VFKHPH WKH PL[LQJ OHQJWK IUR PD'O PR \EWR WQRPHDVGIH O
OLQHDUO\ZLWK KHLJKW QHDU WKH VXUIDF Hi DAQHUPHYHDOV WKH GRPLQDQW
$V WKH KHLJKW JRHY WR PLGGOH RI VWDEOH ERXQGDU\ OD\HU WKH EXR\I
RYHUWKHUROHRIPL[LQIJOHQJWKDQGLWV GHSHQGHQFHRQJULGVSDFLQJL
FRROLQJUDWHFDVHV &OHDUO\ FRDUVHU JULG VSDMLQG AKXW DIHD\GRRUH ¢
WR KLJKHU PL[LQJ OHQJWK ,Q FRQWUDVW WKAIRDOXGNWRURAVRQXVOHRY WE



5HVXOWV DQG 'LVFXVYV

JLIXUH 9HUWLFDO SURILOHRI WKH PL[LQJOHQJWK DW ODVW KRXU IURP " WRS SDQHO
FRROLQJUDWH VFHQDULRYV . K OHIWSDQHO . K PLGGOH SDQHO . K ULJKW SD(

VXUIDFH FRROLQJUDWH RI . KEHFDXVH RI WKH SK\VLFDO YDOXHV RI I
WKBQLWK LQFUHDVLQJ VWDELOLW\ WKHRFFXUUHQFH RIFDVHV LQ ILQI
R . K RQO\ PVKRZV WKHA GKPMLGWDAVIHDY BQJ RFFXUUHQFH LQ KLJKHU
DVFULEHG WR WKH UHGXFLQJ PL[LQJ OHQJWK 7KHUHVROXWLRQ ZKLF¥
FDVHV KHUHD IW HWHZRIQ QW GRDXQY/WKUHVKROG

,QWKHXSSHUSDUWRIERXQGDU\OD\HU ERWK' DQG' 5VFKHPHVKR
Ry XQWLO LWV YDOXHVUHDFK]JHURLQIUHHDWPRVSKHUH ZKLFKLV GXH
WKH VPDOO MXPSV QHDU WKH WRS RI 6%/ KDSSHQLQJLQDOO"' 5FDVHLE
UXQV DUHPDLQO\GXH WR WKHQRQ VPRRWK WUDQVLWLRQ IURP VWDEO

/7LPHVHULHYV

,Q WKLY VHFWLRQ WLPHVHULHV RIVXUIDFHIULFWLRQ YHORFLW\DQG V
DQG )LUVWRIDOO WKHDJUHHPHQWV EHWZHHQ WKHPRGLILHG '"HDUGR
G\QDPLF FRGHDUHUHPDUNDEOHERWKLQVXUIDFHIULFWLRQ YHORFLW
WKHFRQYHUJHQFH EHFRPH OHVV VDWLVIDFWRU\ ZKHQ LW FRPHV WR PR
KHDW IOX[ WLPH VHULHVY ,Q YHU\ VWDEOH FDVHV RI . KFRROLQJ UDWH
PHQWXPDQG KHDWILHOGDUHVOLJKWO\RYHUHVWLPDWHG DIWHU WZR K
UHVXOWYV ,QWKHUHYLVHG FDVHV WKHVXUIDFHIULFWLRQ YHORFLW\W
KVLPXODWLRQ WLPH FORVLQ%WIRU K W BD)XOPH BRMHVGEUINV W WKH VLPXOD\
VHQVLEOH KHDW IOX[ WDNHV KWRUHDFK TXD¥XDHIUXDQG EARXK P N MWD WH I

,Q FRPSDULVRQ WKH GHIDXOW FDVHV RI WKH VXUIDFH IULFWLRQ YHO
VLPLOHDWROXWLRMHWHKHBEW\LIQRIDAGO VWDELOLW\ FDVHV ,Q . KVXUIDFH F
VHULHV LQIULFWLRQ YHORFLW\DQG VHQVLEOH KHDW IOX[IURP JULG VL
RYHUZKROHVLPXODWLRQ W GRH RIR/AHFHRW SIMVRREVHUYHG WKH ODPLQELC
ZLWKLQWHUPLWWHQW UHVROYHG WXUEXOHQFH LQ WKH WIAARHQHWLHYV
WKDQ PIOXFWXDWHDIWHU KRXUV RI WXUEXOHQFHS33NLFN RII" WLPH
FRXOG QRW VXUJH LOQWR RVFLOODWHG WXUEXOHQFH PRGHOLQJ DIWHU
GLIITHUHQW FRQGLWLR Q@ HVRDKXMROQBAMAIPMWIHKRDGEYHU UHVROXWLRQ LV F
AQHDU WKH VXUIDFHDQG WKLV OLPLWYVY WKHGHYHORSPHQW RI WXUEXO
OHQJWK (TWDNHV SUHVHQFH RIVXUIDFHLQWRDFFRXQW DQG ZDNHV XS
PLILQJOHQJWK QHDU WKH VXUIDFH 2QH UHDVRQDEOHHYLGHQFH LV WE
KHDW IOX[LQ' 5VFKHPH VWDUW WR IOXFWXDWH DW WKH EHJLQQLQJ |
UHVROXWLRQ FDVHVLQ' VFKHPHZLWKUHODWLYHO\VPDOOHU PL[LQJ



7KH VWDWLVWLFDO UHVXOWYV

JLIXUH 7KHWLPH VHULHV RI WKH VXUIDFH IULFWLRQ YHORFLW\IURP "' WRS SDQHO DQG'

FRROLQJUDWH VFHQDULRYV . K OHIW SDQHO . K PLGGOH SDQHO . K ULJKW SDQHO
0$7/(6 UHVXOW

UHVROXWLRQ FDVHV QHYHU VWDUW WXUEXOHQFH ,WLVRILPSRUWDQFH WF
WKHFRQWH[W RI 'HDUGURII 6*6 7.(VFKHPH

JLIXUH 7KHWLPHVHULHV RIWKH VXUIDFHVHQVLEOH KHDW IOX[IURP ' WRS SDQHO DQG"
FRROLQJUDWH VFHQDULRYV . K OHIW SDQHO . K PLGGOH SDQHO . K ULJKW SDQHO
0$7/(6 UHVXOW 7KHOHJHQG LQ VXUIDFH FRROLQJUDWH RI . KDQG . KDUH GHDFWLYDWHC(

7TKHILUVW RUGHU VWDWLVWLFV
, Q)L WKHYHUWLFDO ZLQG SURILOHVIURPDUDQJHRIUHVROXWLRQUXQVR
UHVXOWY DUH SUHVHQWHG WLV UHPDUNDEOH WKDW JULG VHQVLWLYLW\
GLPLQLVKHG VLIJQLILFDQWO\E\DSSO\LQJ WKHQHZ SDUDPHWHUL]DWLRQ RI
UDWH RI . KFDVHDVDQH[DPSOH ERWWKHQRQWHDWAIMNMO RI JRZ OHYHO MH!'
WKHKHLJKW RIPD[LPXP//-DUHFDSWXUHG VWULNLQJO\ZHOOIRUDOO WKH UL
WR WKH UHVXOWV IURP G\QDPLF 6*6 FRGH $V WKH VXUIDFH FRROLQJ UDWH |
FRQYHUJHQFH EHFRPH UHODWLYHO\ SRRU WKDQ WKH FDVH RI . K 1HYHU!
ZLQG SURILOHVIRUDOO UHVROXWLRQ FDVHVDUHLQ UHDVRQDEOH UDQJH |
KLIJKHU VWDELOLW\FDVHVY VKRZVY WKH GHSHQGHQFH RQ JULG VL]H ZKLFK VK



5HVXOWV DQG 'LVFXVYV

ILQHU UHVROXWLRQ FDVHV )XUWKHUPRUH WKHKHLJKW RIPD[LPXP //-

EHFRPH VWURQJHU DV WKH VWDELOLW\JRHV WR KLIKHU+WMDQPIB QTKLV |
%RX =HLG

YLIXUH 9HUWLFDO SURILOH RI PHDQ ZLQG VSHHG DW ODVW KRXU IURP' WRS SDQHO T
FRROLQJ UDWH VFHQDULRYV . K OHIW SDQHO . K PLGGOH SDQHO . K ULJKW SD
0$7/(6 UHVXOW

JLIXUH 9HUWLFDO SURILOH RI ZLQG GLUHFWLRQ DW ODVW KRXU IURP ' WRS SDQHO

FRROLQJ UDWH VFHQDULRYV . K OHIW SDQHO . K PLGGOH SDQHO . K ULJKW SD
0$7/(6 UHVXOW

$SDUW IURP "' 5 FDVHV LWLV LQWHUHVWLQJ WR GLVFXVV WKH VHQV
FDVHV WRS SDQHO,RIDOD WKUHH FRROLQJUDWH FDVHV WKH KHLJKW R
VHQVLWLYLW\WRUHVROXWLRQ +RZHYHU LWLV QRWLFHDEOHWKLVLQ
FRDUVHU WKDQ PLQFDVHRIVXUIDFHFRROLQJUDWH . K ZKLFK FR
RIPL[LQJOHQJWK LQ WKHPLGGOH RI6%/IURP ' KFBRYMNWK HMWRKSVIOOXHNOLRK
WKDQ P ZLQG SURILOH DOPRVW GRHV QRW VKRZ VHQVLWLYLW\ EXW
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