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summary

When travelling between stations, the observant passenger may have noticed that no two
train runs are the same, caused by your departure or arrival at stations at different times
or the varying length of time for getting from A to B. The most obvious causality from these
differences are delays or restrictive track signalling. However, even when the conditions
appear to be very similar and no obvious restricted track signalling is present, these differ-
ences between the train runs persist.

The Dutch Train Operator Company (TOC) and Infrastructure Manager (IM), being NS and
ProRail respectively, have generally observed there to be a spread in the running times be-
tween all stations. While investigations and research have been done regarding the accel-
eration or maximum velocity of the heavy rail commuter vehicles, of which some tested
the stochastic nature of their general operational behaviour, the deceleration behaviour

of these vehicles were at most described in a more general sense while either reconstruct-
ing the entire speed profiles of rail vehicles in available scientific papers (BeSinoviC et al.,
2013a,b,c; Medeossi et al., 2011) or investigated as a byproduct of other researches re-
garding technology and safety. Current timetabling tools or simulation software account
for a single defined deceleration behaviour based on static conditions and only consider the
braking rate as a constant coefficient, describing a sort of (near) binary state of on/off in
brake application, of which some allow for variation of the simulated or estimated braking
rate, rather than allowing for a dynamic or non-uniform development of the braking rate
and different deceleration behaviour to be applied to account for different driver mental-
ity and behaviour. This, however, assumes nominal vehicle characteristics and operating
conditions (i.e. conditions relevant for train runs, based on stated track / vehicle design
specifications and vehicle characteristics) and a uniform behaviour from all train drivers.
Considering the human aspect and widely differing external conditions (e.g. weather, time-
liness of train runs), how valid would this assumption be when reviewing the realised de-
celeration behaviour? This has further raised the question to what extent the impact is of
this stochastic behaviour on infrastructure occupation, especially around stations.

This research has the objective to empirically determine the perceived stochastic nature of
the deceleration regimes and to determine the impact it has on infrastructure occupation
within the network corridor, which was approached by posing the research question:

How does the stochastic behaviour, observed in the deceleration approach of a planned sta-
tion stop, impact the infrastructure occupation in the network corridor between stations?

Answering this research guestion is achieved by the development of a data-driven recon-
struction model to estimate the speed profiles of realised train runs that elaborates on the
deceleration regimes in a more dynamic and generalised (i.e. able to be applied to any rail
network corridor) manner to provide a more detailed description of the realised deceleration
behaviour. This research introduces a conceptual framework for the reconstruction of the
deceleration behaviour of heavy rail vehicles. The general structure and concept approach
are inspired by BeSinoviC et al. (2013a,b,c) and Medeossi et al. (2011).

The proposed framework differentiates from its inspiration by it's interest and focus on the
deceleration behaviour within the proposed reconstruction model, aptly named Decelera-
tion Reconstruction (DR) model, instead of reconstructing complete velocity profiles. This
is done through the implementation of sub-regimes (i.e. smaller driving regimes describing
one of four driving states of a heavy rail vehicle) and deceleration regime profiles defined
by a combination of said sub-regimes. These sub-regimes are subject to the rail sector de-
fined differential equation, describing Newtonis second law of motion, with the vehicle re-
sistance expressed by the Davis equation (Davis, 1926). This equation is further expanded
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in this research to accommodate the testing of non-uniform braking behaviour by writing
the braking rate as a function of either velocity or time, inspired by Maurya and Bokare
(2012). The framework incorporates a statistical analysis because, besides the realised
train trajectories and corresponding parameters, the statistical distributions of these pa-
rameters and related performance indicators (PI) are considered the end products for this
research.

Furthermore, this research introduces the concept of \Data Fusion for all the realised
location tracking data to be used in the DR model. The datasets used from the different
sources (i.e. the single source of train describer data and 1 to 2 sources of GPS data) are
formatted, corrected and derivable data is created to unify, expand and fill in the gaps for
the provided data sources. After the aligning the different location tracking data sources,
they are fused in which the strengths of all the different sources are inherited while their
individual weak nesses are compensated. Once fused, the dataset of individual train runs
are filtered to discard the undesired, hindered or invalid train runs before feeding the DR
model with the fused location tracking data of the selected realised train runs.

The DR model has several layers of nested for loops in its programming, testing each pre-
defined deceleration regime profile and braking variant for each station approach in the
corridor of a single realised train run. Each combination of deceleration regime profile and
braking variant has their own specific -vector (i.e. a list or sequence of variable parame-
ters describing the vehiclers behaviour within the DR model) for the optimisation algorithm,
whose structure is developed automatically in the dataset and coefficient preparations pre-
ceding the actual optimisation of the minimisation problem. The minimisation problem is
defined as minimising the sum of absolute errors of the surface areas under the speed pro-
file between each pair of data points , with the surface area under the realised speed profile
defined by the average velocity multiplied by the distance between the two data points and
the area under the estimated speed profile defined by a double integral over distance of the
velocity differential equation describing the estimated behaviour for a specific sub-regime.
The optimisation algorithm used on this non-linear minimisation problem, is a Genetic Al-
gorithm (GA) method. For this research, a customised GA is developed, which is dubbed
EElitism with Randomised Population Migration and Diminishing Mutationf. This is an al-
gorithm which retains a small pool of best fitting solution vectors for both the next gener-
ation and for developing the 10offspring vectors through cross-over and mutation with a di-
minishing mutation range, while refreshing and maintaining the general population size
through the migration of a group of completely randomised vectors.

To validate the analysis methodology, a case study was developed over the corridor s
Hertogenbosch - Utrecht (Ht-Ut) for the (inter-)regional commuter line series 6900 during
the year 2017 for the rolling stock type Sprinter Light Train (SLT). Both location tracking
sources (i.e. enriched GPS (MTPS) and train describer data(TROTS)), infrastructure data,
signalling data and the network timetable for this train series was provided by Dutch IM
ProRail and Dutch TOC NS. The nominal vehicle characteristics, used as references in the
performance indicators (e.g. running times, deceleration loss times, braking rates, track
section occupation duration) and as guides and bounds in the optimisation algorithm, were
provided by TU Delft and Ricardo Rail Nederland.

The results of the analyses done in this research, have empirically shown the existence of
the stochastic deceleration behaviour through the stochasticity of the performance indi-
cators and has shown the existence of a strong and linear correlation between the already
known spread in realised running times and that of deceleration loss times (Figure 1). The
results have also shown the impact that this stochasticity has on infrastructure occupa-
tion, which in this research is simplified and described by track section occupation dura-
tion. It has shown performance impacts, relative to the minimum running profile, of up to
1.5 to 2 times the occupation duration and inversely dropping the infrastructure occupa-
tion to anywhere from two thirds to half of the potential track section capacity (Figure 2a).

The DR model has provided more detail to the estimated deceleration behaviour and has
shown that finding the most prominent realised deceleration regime behaviour is possible
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with this analysis methodology and the currently available data sources. For example, it
has shown the realised data for station Geldermalsen best fits the deceleration regime pro-
files with two braking regimes with constant braking coefficient. It has also shown that de-
scribing the braking rate as a non-uniform function is a very plausible alternative to the
simplified approach of defining the braking rate as a constant coefficient and merits fur-
ther investigation, as many of the best fitting profiles returned with a non-uniform brak-
ing variant. Observing the estimated braking rates of the best fitted profiles and variants
for the tested train runs, the distributions show that there is a significant gap between the
expected braking rate of 0.8 / and the estimated braking rates.In the majority of the
estimated deceleration regimes, a more conservative behaviour is observed relative to the
expected deceleration behaviour.In case of station Geldermalsen in Figure 2b, this means a
mean of estimated braking rates ranging from approx. 0.45 to 0.65 /

Figure 1: Scatter plot correlation realised running times versus deceleration loss times - station Geldermalsen (Gdm)

(a)
(b)

Figure 2: Example of the results from empirical analysis and DR model:

(a) Histogram of the realised occupation durations for track section GDM$129T (see full size Figure K.1a)

(b) Histogram plots of the estimated braking rates for station Geldermalsen (Gdm) (see full size Figure H.1)
These results can be used to improve scheduling tools and microscopic models, by using
improved estimations of braking rates and deceleration regimes, and by providing a more
refined and dynamic approach of the deceleration regime within these systems. The 'Data
Fusion? process has shown great potential in reinforcing the strengths and compensating
for the weak nesses inherent to the used data sources, and providing robustness in data
availability while providing a more refined location tracking within track sections, which
merits further development of this concept. Further investigation is required to fully under-
stand the causality behind the deceleration behaviour in more specific detail, such as the
effects of station platform design or open-track signalling placement, in order to account
for it within scheduling tools or to provide an environment to train operators to adhere to
the expected deceleration regime. Further research is required to provide a more definitive
answer to the implemented braking regime and its non-uniformity the use of more refined
data, different data sources and further improvements to the DR model.






Term

ATB-EG

ATB-Vv
ATO

Assistive Force

BDA

Big Data

Coasting

Cruising

Cycle Time

DAS

Deceleration
Regime

Driving Regime

Epoch Time

GPS

Glossary

Description

Automatische Trein Beveiliging - Eerste Generatie, The Dutch
national ATP applied to the main heavy rail network.

Automatische Trein Beveiliging - Verbeterde Versie,
Automatic Train Operation

Opposite to Resistive Forces, Applies its force in the intended
travel direction.

Big Data Analysis

Data characterised by the 6 Vs, namely Volume, Variety,
Velocity, Veracity, Value and Variability.

A driving regime in which both the tractive effort and the
brakes of the rail vehicle are turned off, decelerating purely on
the resistance efforts.

A driving regime in which the tractive effort is adjusted to
match the resistance efforts, allowing the vehicle to run at a
constant velocity.

Duration or period over which the scheduling pattern of a
cyclic/periodic timetable is developed.

Driver Advisory System

A regime using sub-regimes, describing the smaller regimes in
which coasting, cruising and braking are applied within the
same intention of deceleration.

A control operation applied to the vehicle with regards to train
movement.

A method of counting time in Unix and later other computer
systems, expressed as an 32-bit integer, counting the seconds
since Epoch, which corresponds with the date 01-01-1970 at
00:00:00. A float or decimal can be used to express time more
precisely in terms of microseconds.

Global Positioning System, Usually referring to the general
implementation of Satelite-based Location Tracking.

InterCity, Trains that provide a more national level rail
connection

Infrastructure Manager



Jerk

NS
Nominal
ProRail
RMSE

RSSLI

SGMm

SLT

Sprinter

Sub-regime

TNV

TOC

Timetable Day

Train Describer
Data

Train Event
Recorder Data

Uzl

Rate of change of acceleration / deceleration. Second order
derivative of velocity. Usually described as / , but in case of
velocity dependency, such as Equation (2.9)t ,as 1/ .

Nederlandse Spoorwegen, The Dutch National TOC
Expected or designed value within expected margin of error
The Dutch National IM

Root Mean Squared Error

Rolling Stock, Speed Limit and Infrastructure, refers to the
infrastructure model used in this research.

Stadsgewestelijk Materieel gemoderniseerd, the retrofitted and
modernised version of the older rolling stock type used on the
Dutch rail network.

Sprinter Light Train, A commuter heavy rail vehicle or
Sprinter type train.

Trains that provide a more (inter-)regional level rail
connection

Smaller driving regimes within the 2 of the 4 general driving
regimes characterised by an active attempt to alter the
current velocity (i.e. Acceleration and Braking), with a
nuanced difference between neighbouring sub-regimes of the
same type(e.g. two braking sub-regimes with different braking
coefficients).

TreinNummerVolgsysteem, Train Number Following system,
the predecessor to the TROTS system

Train Operating Company

The day of a timetable in the Dutch railway sector run from
2am to 2am the next day (02:00 - 02:00), unlike the regular
day beginning and end at 12am (00:00 - 00:00).

The data gathered from infrastructure sensors, recording
track section occupation and release times, train description
steps, signalling states (stop/go), switch states (left/right).

The data of events recorded from within the rolling stock,
measuring train positions, velocities, traction and braking
applications.

Universeel Zuinig rijden ldee, translates to Universal Efficient
driving Idea and is an energy efficiency plan, describing a
driving regime in which the driver is expected to apply
maximum acceleration, minimal braking and applies coasting
for as long as the time allowances would allow.
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D 'LVWULEXWLRQ 7UDFN 6HFWLRQ 2FFXSDWLRQ 'XUDWLRQ (YH(
BHFWLRQ +71 &7 E  %R[SORW 7UDFN 6HFWLRQ 2FFXSDWLRQ '
5XQQLQJ6LGH +WQ 6HFWLRQ +71 &7

D 'LVWULEXWLRQ 7UDFN 6HFWLRQ 2FFXSDWLRQ 'XUDWLRQ (YH(
=EP 6HFWLRQ 2=%0 %7 E %R[SORW 7UDFN 6HFWLRQ 2FFXSDW
(YHQ 5XQQLQJ 6LGH =EP B6HFWLRQ 2=%0 %7

6FDWWHU 30RW &RPSDUDWLYH $QDO\WVLY '"HSDUWXUH '"HOD\ YV 5H|
& O

6FDWWHU 30RW &RPSDUDWLYH $QDO\WLYV '"HSDUWXUH '"HOD\ YV 5H|
6HDVRQDOLW\ +LJKOLJKW &O

6FDWWHU 30RW &RPSDUDWLYH $QDO\WLY '"HSDUWXUH '"HOD\ YV 5H|
*GP

6FDWWHU 30RW &RPSDUDWLYH $QDO\VLY '"HSDUWXUH '"HOD\ YV 5H|
6HDVRQDOLW\ +LJKOLJKW *GP

6FDWWHU 30RW &RPSDUDWLYH $QDO\VLY '"HSDUWXUH '"HOD\ YV 5H
%UDNH 9DULDQW +LJKOLJKW *GP

6FDWWHU 30RW &RPSDUDWLYH $QDO\WLY '"HSDUWXUH '"HOD\ YV 5H|
'"HFHOHUDWLRQ 5HIJLPH +LJKOLJKW *GP

6FDWWHU 30RW &RPSDUDWLYH $QDO\WLYV '"HSDUWXUH '"HOD\ YV 5H|
+WQ



/ILVW RI1 )LIXUHYV [YLL

/ 6FDWWHU 30RW &RPSDUDWLYH $QDO\WLYV '"HSDUWXUH '"HOD\ YV 5HDOL\
6HDVRQDOLW\ +LJKOLJKW +WQ

/ 6FDWWHU 30RW &RPSDUDWLYH $QDO\VLYVY '"HSDUWXUH '"HOD\ YV 5HDOL\
%UDNH 9DULDQW +LJKOLJKW +WQ

/ 6FDWWHU 30RW &RPSDUDWLYH $QDO\WLY '"HSDUWXUH '"HOD\ YV 5HDOL\
'"HFHOHUDWLRQ 5HIJLPH +LJKOLJKW +WQ

/ 6FDWWHU 30RW &RPSDUDWLYH $QDO\VLYV '"HSDUWXUH 'HOD\ YV 5HDOL\
=EP

/ 6FDWWHU 30RW &RPSDUDWLYH $QDO\VLYV '"HSDUWXUH 'HOD\ YV 5HDOL\
6HDVRQDOLW\ +LJKOLJKW =EP

/ 6FDWWHU 30RW &RPSDUDWLYH $QDO\WLYV '"HSDUWXUH '"HOD\ YV 5HDOL\
%UDNH 9DULDQW +LJKOLJKW =EP

/ 6FDWWHU 30RW &RPSDUDWLYH $QDO\WLY '"HSDUWXUH '"HOD\ YV 5HDOL\
'"HFHOHUDWLRQ 5HJLPH +LJKOLJKW =EP

/ 6FDWWHU 30RW &RPSDUDWLYH $QDO\WLY '"HSDUWXUH '"HOD\ YV '"HFHOH
& O

/ 6FDWWHU 30RW &RPSDUDWLYH $QDO\VLY '"HSDUWXUH 'HOD\ YV '"HFHOH
6HDVRQDOLW\ +LJKOLJKW &O

/ 6FDWWHU 30RW &RPSDUDWLYH $QDO\WLY '"HSDUWXUH '"HOD\ YV '"HFHOH
*GP

/ 6FDWWHU 30RW &RPSDUDWLYH $QDO\WLYV '"HSDUWXUH '"HOD\ YV '"HFHOH
6HDVRQDOLW\ +LJKOLJKW *GP

/ 6FDWWHU 30RW &RPSDUDWLYH $QDO\WLY '"HSDUWXUH '"HOD\ YV '"HFHOH
%UDNH 9DULDQW +LJKOLJKW *GP

/ 6FDWWHU 30RW &RPSDUDWLYH $QDO\WLY '"HSDUWXUH '"HOD\ YV '"HFHOH
'"HFHOHUDWLRQ 5HILPH +LJKOLJKW *GP

/ 6FDWWHU 3ORW &RPSDUDWLYH $QDO\VLY '"HSDUWXUH '"HOD\ YV '"HFHOH
+WQ

/ 6FDWWHU 30RW &RPSDUDWLYH $QDO\WLY '"HSDUWXUH 'HOD\ YV '"HFHOH
6HDVRQDOLW\ +LJKOLJKW +WQ

/ 6FDWWHU 30RW &RPSDUDWLYH $QDO\WLYV '"HSDUWXUH '"HOD\ YV '"HFHOH
%UDNH 9DULDQW +LJKOLJKW +WQ

/ 6FDWWHU 30RW &RPSDUDWLYH $QDO\WLY '"HSDUWXUH '"HOD\ YV '"HFHOH
'"HFHOHUDWLRQ 5HJLPH +LJKOLJKW +WQ

/ 6FDWWHU 30RW &RPSDUDWLYH $QDO\VLYV '"HSDUWXUH '"HOD\ YV '"HFHOH
=EP

/ B6FDWWHU 30RW &RPSDUDWLYH $QDO\VLY '"HSDUWXUH '"HOD\ YV '"HFHOH
6HDVRQDOLW\ +LJKOLJKW =EP

/ 6FDWWHU 30RW &RPSDUDWLYH $QDO\WLY '"HSDUWXUH '"HOD\ YV '"HFHOH
%UDNH 9DULDQW +LJKOLJKW =EP

/ 6FDWWHU 30RW &RPSDUDWLYH $QDO\VLY '"HSDUWXUH '"HOD\ YV '"HFHOH
'"HFHOHUDWLRQ 5HIJLPH +LJKOLJKW =EP

/ 6FDWWHU 30RW &RPSDUDWLYH $QDO\WLV 5HDOLVHG 5XQQLQJ 7LPHV Y
/IRVV 7LPHV &O

/ 6FDWWHU 30RW &RPSDUDWLYH $QDO\WLV 5HDOLVHG 5XQQLQJ 7LPHV Y
/IRVV 7LPHV 6HDVRQDOLW\ +LJKOLJKW &O



[YLLL

/[LVW Rl )LIXUHYV

6FDWWHU 30RW &RPSDUDWLYH $QDO\WLYV 5HDOLVHG 5XQQLQJ 7LP
/IRVV 7LPHV *GP

6FDWWHU 30RW &RPSDUDWLYH $QDO\WLV 5HDOLVHG 5XQQLQJ 7LP
/IRVV 7LPHV 6HDVRQDOLW\ +LJKOLJKW *GP

6FDWWHU 30RW &RPSDUDWLYH $QDO\WLV 5HDOLVHG 5XQQLQJ 7LP
/IRVV 7LPHV %UDNH 9DULDQW +LJKOLJKW *GP

6FDWWHU 30RW &RPSDUDWLYH $QDO\WLV 5HDOLVHG 5XQQLQJ 7LP
/IRVV 7LPHVY 'HFHOHUDWLRQ 5HJLPH +LJKOLJKW *GP

6FDWWHU 30RW &RPSDUDWLYH $QDO\WLV 5HDOLVHG 5XQQLQJ 7LP
IRVV 7LPHV +WQ

6FDWWHU 30RW &RPSDUDWLYH $QDO\WLVY 5HDOLVHG 5XQQLQJ 7LP
/IRVV 7LPHV 6HDVRQDOLW\ +LJKOLJKW +WQ

6FDWWHU 30RW &RPSDUDWLYH $QDO\VLYVY 5HDOLVHG 5XQQLQJ 7LP
/IRVV 7LPHV %UDNH 9DULDQW +LJKOLJKW +WQ

6FDWWHU 30RW &RPSDUDWLYH $QDO\WLV 5HDOLVHG 5XQQLQJ 7LP
/IRVV 7LPHVY "'HFHOHUDWLRQ 5HJLPH +LJKOLJKW +WQ

6FDWWHU 30RW &RPSDUDWLYH $QDO\WLYV 5HDOLVHG 5XQQLQJ 7LP
/IRVV 7LPHV =EP

6FDWWHU 30RW &RPSDUDWLYH $QDO\WLYV 5HDOLVHG 5XQQLQJ 7LP
/IRVV 7LPHV 6HDVRQDOLW\ +LJKOLJKW =EP

6FDWWHU 30RW &RPSDUDWLYH $QDO\WLYV 5HDOLVHG 5XQQLQJ 7LP
/IRVV 7LPHV %UDNH 9DULDQW +LJKOLJKW =EP

6FDWWHU 30RW &RPSDUDWLYH $QDO\VLYVY 5HDOLVHG 5XQQLQJ 7LP
/IRVV 7LPHV 'HFHOHUDWLRQ 5HJLPH +LJKOLJKW =EP
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,QWURGXFWLRQ
6LWXDWLRQ 'HILQLWLRQ
2EMHFWLYH
5HVHDUFK 4XHVWLRQV
5HVHDUFK $SSURDFK
6FRSH &DVH 6WXG\

ILWHUDWXUH 6WXG\
I[LWHUDWXUH5HFRQVWUXFWLRQ ORGHO 2SHUDWLRQDO %HKDYLRXU
%DVLFVRIPRGHOOLQIJWUDLQ PRYHPHQWYV

8VLQJ VWRFKDVWLF EORFNLQJ WLPHV WRLPSURYHWLPHWDEOH S
HW DO

6LPXODWLRQ %DVHG 2SWLPLVDWLRQ ORGHO = %HALQRYLUHW DO
$Q $IJHQW EDVHG $SSURDFK WR 6LPXODWLQJ 7UDLQ '"ULYHU %HKD?

6WXG\RI " HFHOHUDWLRQ %HKDYLRXURI'LITHUHQW 9HKLFOH 7\SH\
%RNDUH

/ILWHUDWXUH 'DWD 3URFHVVLQJ 6WDWLVWLFDO $QDO\VLYV
&EXUUHQW 3UDFWLFH S5XQQLQJWLPHFDOFXODWLRQV 1RPLQDO 9DOXH
6WDWH RI WKH $UW 6FLHQWLILF*DSDQG ,QVSLUDWLRQ

SHUIRUPDQFH ,QGLFDWRUYV
%DFNJURXQG ,QGLFDWRUYV
9HKLFOH UHODWHG 3,
7LPH5HODWHG 3,
7TUDFN5HODWHG 3,
6WRFKDVWLF 'LVWULEXWLRQ 1RPLQDO 9DOXH &RPSDULVRQ

&RQFHSWXDO )UDPHZRUN 'HFHOHUDWLRQ 5HFRQVWUXFWLRQ ORGHO
&RQFHSWXDO )UDPHZRUN

[LI



L[

&RQWHQWYV

'DWD
,QIUDVWUXFWXUH 'DWD
5ROOLQJ6WRFN 'DWD
7UDLQ 'HVFULEHU 'DWD
9HKLFOH VLGHG /RFDWLRQ 7UDFNLQJ'DWD
&RUULGRU 1IHWZRUN 7LPHWDEOH
1RPLQDO 5HJLPH &KDUDFWHULVWLFV

3UH SURFHVVLQJ
'DWD )RUPDWWLQJ
'DWD )LOWHULQJ
&UHDWLRQ 'HULYDEOH 'DWD
'DWD $OLJQPHQW
'DWD )XVLRQ

'"HFHOHUDWLRQ 5HFRQVWUXFWLRQ ORGHO
"\QDPLFV HTXDWLRQV IRU WKH 'HFHOHUDWLRQ 5HFRQVWUXFW
'ULYLQJ5HJLPH &KDUDFWHULVWLFV
%UDNLQJ5DWH 9DULDQWYV
'"HWHUPLQLQJ 'HFHOHUDWLRQ 5HJLPH
'"HFHOHUDWLRQ VXE UHJLPH FRPSRVLWLRQ
2SWLPLVDWLRQ 3UREOHP $OJRULWKP

3RVW 3URFHVVLQJ

&KDSWHU 6XPPDU\

ORGHO 6WDWLVWLFDO $QDO\VLV

ORGHO $QDO\VLV
ORGHO 6HWXS
ORGHO 3HUIRUPDQFH

5HVXOWV 6WDWLVWLFDO $QDO\VLV
'"HFHOHUDWLRQ 5HJLPH &RPSRVLWLRQ %UDNLQJ9DULDQWYV
9HKLFOH &RHIILFLHQWYV
%UDNLQJ 5DWH
5XQQLQJ 7LPHV
'"HFHOHUDWLRQ /RVV 7LPHV
7UDFN 2FFXSDWLRQ

&RPSDUDWLYH $QDO\VLV
'"HSDUWXUH '"HOD\ YV 5XQQLQJ 7LPHV
'"HSDUWXUH '"HOD\ YV '"HFHOHUDWLRQ /RVV 7LPHV
5XQQLQJ7LPHV YV 'HFHOHUDWLRQ /RVV 7LPHV
&DXVDOLW\ 6HDVRQDOLW\ 'HFHOHUDWLRQ %HKDYLRXU

&RQFOXVLRQ $QDO\VLV 5HVXOWV '5 0RGHO 9DOLGDWLRQ



&RQWHQWYV

[[L

&RQFOXVLRQ 5HFRPPHQGDWLRQV

&RQFOXVLRQV

S5HVHDUFK ODLQ 4XHVWLRQ
S5HVHDUFK 6 XE 4XHVWLRQV
$VVHVVPHQW /LPLWDWLRQV 5HVHDUFK

5HFRPPHQGDWLRQV

%LEOLRJUDSK\

$SSHQGL]
([DPSOH 'LVWULEXWLRQ *UDSKLFV 5HIHUUHG WR LQ WKLV 5HVHDUFK
6XPPDU\ 'DWD 6RXUFHYV

3URFHVV 6WUXFWXUH

$
%
&

%UDNLQJ 9DULDQWYV

'5 0ORGHO 5HVXOWYV
'50RGHO 5HVXOWYV
'5 0RGHO 5HVXOWYV
'50RGHO 5HVXOWYV
$QDO\WLV 5HVXOWV
$QDO\WLV 5HVXOWV
$QDO\WLV 5HVXOWV
$QDO\WLV 5HVXOWV

ORGHO $FFXUDF\

2YHUYLHZ '"HFHOHUDWLRQ 5HJLPHV DQG %UDNLQJ
9HKLFOH &RHIILFLHQWYV

%UDNLQJ5DWHYV

5XQQLQJ7LPH 'LVWULEXWLRQ
'LVWULEXWLRQ /RVV 7LPHYV
'LVWULEXWLRQ 7UDFN 6HFWLRQ 2FFXSDWLRQ 'XU
&RPSDUDWLYH $QDO\VLV






*OUSPEVD

KHQ WUDYHOOLQJ EHWZHHQ VWDWLRQV WKH REVHUYDQW SDVVHQJHU PD\
WUDLQ UXQV DUH WKH VDPH FDXVHG E\\RXU GHSDUWXUH RUDUULYDO DW \
RUWKH YDU\LQJ OHQJWK RI WLPH IRU JHWWLQJIURP $ WR % 7KH PRVW REY
GLIIHUHQFHV DUH GHOD\V RU UHVWULFWLYH WUDFN VLJQDOOLQJ +RZHYHL
DSSHDU WR EH YHU\ VLPLODU DQG QR REYLRXV UHVWULFWHG WUDFN VLJQD
HQFHV EHWZHHQ WKH WUDLQ UXQV SHUVLVW

7KLV UHVHDUFK LQYHVWLIJDWHY WKH VWRFKDVWLF GHFHOHUDWLRQ EHKDY
KLFOHV LQ ZKDW VWRFKDVWLF IRUP L H GLVWULEXWLRQ VKDSHDQG SDUI
DQG ZKDW WKH LPSDFW RI LW RQ LQIUDVWUXFWXUH RFFXSDWLRQ (YHQ WK
EUDNLQJ UHJLPH FRQVLVWYVY RI D VLQJOHDQG FRQVWDQW EUDNLQJ UDWH D
DVWDWLRQ FRQVLVWV RI DVLQJOH EUDNLQJ UHJLPHDQG VRPHWLPHYV SUHF
DUH FKDOOHQJHG LQ WKLY UHVHDUFK DQG DUH WR EH WHVWHG IRU WKHLU Y
RSVD UHFRQVWUXFWLRQ PRGHO EDVHG RQ UHDOLVHG WUDIILF GDWD WR RI
GHFHOHUDWLRQ EHKDYLRXU LQ D GDWD GULYHQ DSSURDFK

6LWXDWLRQ '"HILQLWLRQ

7KH 'XWFK 7UDLQ 2SHUDWRU &RPSDQ\ 72& DQG ,QIUDVWUXFWXUH ODQDJH!I
3UR5DLO UHVSHFWLYHO\ KDYH JHQHUDOO\ REVHUYHG WKHUH WR EH D VSU!
WZHHQ DOO VWDWLRQV :KLOHLQYHVWLJDWLRQV DQG UHVHDUFK KDYH EHF
HUDWLRQ RU PD[LPXP YHORFLW\ Rl WKH KHDY\ UDLO FRPPXWHU YHKLFOHV
WKH VWRFKDVWLF QDWXUH RI WKHLU JHQHUDO RSHUDWLRQDO EHKDYLRXU
RI WKHVH YHKLFOHYV ZHUH DW PRVW GHVFULEHG LQ D PRUH JHQHUDO VHQVF
LQJ WKH HQWLUH VSHHG SURILOHV RI UDLO YHKLF @HIVLQ@RYYBLHO®MBOH VFLH

D EFOHGHRVVL HW DRU LQYHVWLJDWHG DV D E\SURGXFW RI RWKHU UHVF
JDUGLQJ WHFKQRORJ\DQG VDIHW\ &XUUHQW WLPHWDEOLQJ WRROV RU VLF
IRUDVLQJOH GHILQHG GHFHOHUDWLRQ EHKDYLRXU EDVHG RQ VWDWLF FRC
EUDNLQJ UDWH DV D FRQVWDQW FRHIILFLHQW GHVFULELQJD VRUW RI QHD
EUDNH DSSOLFDWLRQ RI ZKLFK VRPH DOORZ IRU YDULDWLRQ RI WKH VLPXO
UDWH UDWKHU WKDQ DOORZLQJIRUD G\QDPLF RU QRQ XQLIRUP GHYHORSF
DQG GLIIHUHQW GHFHOHUDWLRQ EHKDYLRXU WR EH DSSOLHG WR DFFRXQW
LW\ DQG EHKDYLRXU 7KLV KRZHYHU DVVXPHV QRPLQDO YHKLFOH FKDUDF'
FRQGLWLRQV L H FRQGLWLRQV UHOHYDQW IRUWUDLQ UXQV EDVHG RQ VYV
VSHFLILFDWLRQV DQG YHKLFOH FKDUDFWHULVWLFV DQG D XQLIRUP EHKDY
&RQVLGHULQJ WKH KXPDQ DVSHFW DQG ZLGHO\ GLIIHULQJ H[WHUQDO FRQG
OLQHVV RI WUDLQ UXQV KRZ YDOLG ZRXOG WKLV DVVXPSWLRQ EH ZKHQ UH
FHOHUDWLRQ EHKDYLRXU" 7KLV KDV IXUWKHU UDLVHG WKH TXHVWLRQ WR Z
WKLY VWRFKDVWLF EHKDYLRXU RQ LQIUDVWUXFWXUH RFFXSDWLRQ HVSHF



T QWURGXFWLRC

2EMHFWLYH

7KH SULPDU\ REMHFWLYH RI WKLY UHVHDUFK LV WR HPSLULFDOO\ GHW
FHLYHG VWRFKDVWLF QDWXUH RI WKH GHFHOHUDWLRQ GULYLQJ UHJLP
%H"LQRYLE HWIEF OHGHRVVL HW DDQGBGLHOPDQ KDV RQ WKH LQIUDYV
WUXFWXUH RFFXSDWLRQ

7TRHYDOXDWH WKH UHDOLVHG GHFHOHUDWLRQ EH
KDYLRXU D PRGHO KDV WR EHGHYHORSHG WR
UXQ WKHDQDO\WLYVY 7KLV PRGHO KDV LWV IRFXV
RQWKHGHFHOHUDWLRQ UHJLPHY ZLWK D PRUH
GHWDLOHG DQDO\WLV DSSURDFK WR GHWHUPLQH
WKH H[LVWHQFH RI GLITHUHQW VXE UHJLPHV 6XE
UHJLPHV LQ WKLV UHVHDUFK DUH GHILQHG DV
VPDOOHU UHJLPHV ZLWKLQ WKH JHQHUDO GULY
LQJUHJILPHY ZLWK D QXDQFHG GLIIHUHQFH
EHWZHHQ QHLJKERXULQJ VXE UHJLPHV RI WKH
VDPH WASH HJ WZR EUDNLQJVXE UHJLPHYV
ZLWK GLITHUHQW EUDNLQJ FRHIILFLHQWYV

7KH VHFRQGDU\ REMHFWLYHV W K)DW WHU L ViHs B RMH Z2\WMKKHD JHQHUDO YHORFLW\ S|
FDXVDOLW\DQG FRUUHODWLRQV UHOD®HY® R REKHDWLRQDMHEULYLQJ UHJL
VWRFKDVWLF QDWXUH Rl WKH GHFHOHGBW R BH

KDYLRXU DQG ZKDW WKH VHQVLWLYLW\ LPSDFW RI WKHVH LQIOXHQWLD

7TKHVH REMHFWLYHVY DUH VHW WR LQYHVWLJDWH WKH H[LVWHQFH DQG F
EHKDYLRXU LQ WKH GHFHOHUDWLRQ GULYLQJ UHJLPHRID FRPPXWHU K
WKHVH LQIOXHQWLDO IDFWRUVY KDYH RQ WKH VWRFKDVWLFLW\DQG WKI|
KDV RQ WKH QHWZRUN WKURXJK PHDQV RI LQIUDVWUXFWXUH RFFXSDWI

$vV D UHVXOW D EHWWHU XQGHUVWDQGLQJ LV H[SHFWHG WR EH UHDFK'
RI KHDY\UDLO YHKLFOHV DQG WKHLU GULYHUV 7KLV ZLOO SURYLGH VR
SURYH WKH UHODWLRQ EHWZHHQ WLPHWDEOLQJDQG WKH VWRFKDVWL|
DWLRQ EHKDYLRXU DQG WR LQWURGXFH WKH GHYHORSPHQW DQG LPSC
SURDFK LQ GHVFULELQJ WKH YHKLFOH VGHFHOHUDWLRQ EHKDYLRXU Z
IRUWLPHWDEOH GHYHORSPHQW

SHVHDUFK 4XHVWLRQV

7TRDLG WKHIRFXV RIWKHUHVHDUFK WKHDSSURDFK RI WKH UHVHDUFK
TXHVWLRQ WKDW ZLOO FRYHU WKH HIWHQW RI WKLV UHVHDUFK ZLWK V
WLRQV WKDW DUH PRUH VSHFLILF RQ WKH GLITHUHQW DVSHFWV RI WKH
PRUH GHWDLOHG DQG LQ GHSWK DQVZHU

ODLQ 5SHVHDUFK 4XHVWLRQ

TR XQGHUVWDQG WKH UROHRID GULYHU VGHFHOHUDWLRQ EHKDYLRXL
IRUWKH ,QIUDVWUXFWXUH ODQDJHU ,0 DQG 7UDLQ 2SHUDWLQJ &RPSD(
VWRFKDVWLFLW\ RQ WKH LQIUDVWUXFWXUH RFFXSDWLRQ ZLOO EH LQY
LQJUHVHDUFK TXHVWLRQV

+RZ GRHV WKH VWRFKDVWLF EHKDYLRXU REVHUYHG LQ WKH GHFHOHUD
WLRQ VWRS LPSDFW WKH LQIUDVWUXFWXUH RFFXSDWLRQ LQ WKH QHW



5HVHDUFK $SSURDFK

SHVHDUFK 6 XE 4XHVWLRQV
7TKH UHVHDUFK VXE TXHVWLRQV LQ VXSSRUW RIDQVZHULQJ WKH PDLQ TXHYV

:KDW YHKLFOH SDUDPHWHUYVY DUH UHTXLUHG WR IXOO\ GHVFULEH WKH E}
DSSURDFK RI D SODQQHG VWRS"

+RZZRXOG WKH FROOHFWLRQ DQG SURFHVVLQJ RI WKH UHTXLUHG GDWD
EH GHILQHG"

+RZZRXOG WKH GDWD GULYHQ UHFRQVWUXFWLRQ PRGHO EH GHILQHG W
GLIIHUHQW GDWDEDVH VRXUFHV DQG WR DQDO\WH WKH UHDOLVHG GDWL
WLRQ EHKDYLRXU RI YHKLFOHV LQ GHWDLO"

:KDW DUH WKH GLVWULEXWLRQ W\SHV DQG VWRFKDVWLF YDOXHV RI WKH
KDYLRXU RI FRPPXWHU KHDY\ UDLO YHKLFOHV"

&RXOG DQ\VXE UHJLPHV EH GHWHUPLQHG LQ WKH UHDOLVHG GHFHOHUL
+RZ GR WKH SDUDPHWHU GLVWULEXWLRQV RI WKHUHDOLVHG GHFHOHUL
WKH QRPLQDO SDUDPHWHUYV RI WKH H[SHFWHG GHFHOHUDWLRQ EHKDYL
:KDW DUH WKH FDXVDOLWLHV IRUWKH VWRFKDVWLF YDULDWLRQV IRXQC
EHKDYLRXU"

5HVHDUFK $SSURDFK

,Q RUGHU WR DFKLHYH WKH REMHFWLYH RI WKLY UHVHDUFK DQG WR SURYLC
VWDWHG UHVHDUFK TXHVWLRQV DQ DSSURDFK LV PDGHDQG VXPPDULVHG I

y3UHVHQW D GDWD GULYHQ UHFRQVWUXFWLRQ PRGHO WKDW ZLOO UHFR
SURILOHVDQG HVWLPDWH WKH UHDOLVHG GHFHOHUDWLRQ UHJLPHV LQ
RILPSOHPHQWLQJ VXE UHJLPHYV

y3UHVHQW D PHDQV RI FRPELQLQJDQG SURFHVVLQJ ERWK YHKLFOH EDV!
EDVHG ORFDWLRQ WUDFNLQJ GDWDVHWYV

Yy (PSLULFDOO\DQG YLVXDOO\ SURYLGHHYLGHQFH UHJDUGLQJ WKH VWRF
WLRQ GULYLQJUHJLPHLQ FRPPXWHU KHDY\UDLO YHKLFOHV

y (PSLULFDOO\DQG YLVXDOO\ SURYLGHHYLGHQFH UHJDUGLQJ WKH FDXV
DQG VHQVLWLYLW\ DIITHFWLQJ WKH VWRFKDVWLF GLVWULEXWLRQV RI W
EHKDYLRXU

7TKHUHVHDUFK DSSURDFK DQG DQDO\WVLY PHWKR&EPGRHWLY HODERUDWHG R



T QWURGXFWLRC

6FRSH &DVHOGB6WXG\

7KH VFRSH IRU WKLV UHVHDUFK LV OLPLWHG E\ WKH VHOHFWLRQ DQG E
NHHS WKH FRPSOH[LW\ Rl WKLY UHVHDUFK PDQDJHDEOH DQG NHHS WKH
REMHFWLYHV

‘'ULYLQJ SHIJLPHVDQG 2SHUDWLRQDO 6FHQDULR

7TKH IRFXV RI WKLV UHVHDUFK LV RQ WKHGHFHOHUDWLRQ EHKDYLRXU R
7TKHUH DUH VHYHUDO VFHQDULRV LQ ZKLFK DQ\UDLO YHKLFOH ZRXOG G
I[IURP GHFUHDVLQJ YHORFLW\ GXH WR G\QDPLF VSHHG OLPLWV GHOD\
WUDLQ RUKDYLQJ WR FRPH WR D FRPSOHWH VWRS IRUHLWKHU D UHG U
VWRS DW D VWDWLRQ SODWIRUP

,Q WKLY UHVHDUFK WKH FKRLFH ZDV PDGH WR IRFXV RQ WKH SODQQHG
IURP FRQIOLFW IUHH WUDLQ UXQV 7KLV ZDV FKRVHQ WR HOLPLQDWH G
E\WUDIILF FRQIOLFWV DQG WR REVHUYH WKH GULYLQJEHKDYLRXU XQC
WLRQV 7KLV ZRXOG LQFOXGH WKH GHOD\HG WUDLQ UXQV WKDW DUH QfF
WLRQ DSSURDFKHV

7KH GHFHOHUDWLRQ RI D YHKLFOH KDV PDQ\ YDULDEOHV WKDW DUH VX!
SK\VLFV RIGHFHOHUDWLQJ D ORQJDQG KHDY\ YHKLFOH WR D VWRS :KI
FRPSOH[LQ FRPSDULVRQ WR WKH RWKHU GULYLQJ UHJLPHV LV WKDW L
IL[IHG SRLQW ZLWK D UHODWLYH VPDOO PDUJLQ RI GLIITHUHQFH DW WKI
KDYLQJ WKH WDUJHW JRDO RI WKH PRWLRQ EH D IORDWLQJ SRLQW OLN
DGGLWLRQ WKHGHFHOHUDWLRQ WDUJHW SRLQW LV RXW RI VLIKW XQW
WLRQ DSSURDFK OHDYLQJ YHU\OLWWOH URRP IRUDGMXVWLQJLQDQF

+RZHYHU ZK\H[DPLQH WKHHQWLUH GHFHOHUDWLRQ DSSURDFK DQG Q|
7KH EUDNLQJ UHJLPH DQG EUDNLQJ FRHIILFLHQW LQ FRQVLGHULQJ GU
LIRQO\D SDUW RI WKH GHFHOHUDWLRQ EHKDYLRXU LV WDNHQ LQWR DF
PLIKW KDYH YHU\ VKRUW EUDNLQJ WLPHV DQG KLJK EUDNLQJ FRHIILFLF
ORQJWLPH WR FRPSOHWH LWV DSSURDFKLQWR D VWDWLRQ OHDGLQJ'
WLPHV DQG SRVVLEO\ ORVH D ORW RI SRWHQWLDO LQIUDVWUXFWXUH R
DSSURDFK PLJKW QRW EH DV DVVHUWLYH LQ WKHLU EUDNLQJ DQG WDNL
WLPHV EXW KDYH D VKRUWHU RYHUDOO DSSURDFK WLPH DQG PRVW OLI
LQIUDVWUXFWXUH RFFXSDWLRQ QHDU WKH VZLWFKHY QHDU WKH VWDW
PDLQWDLQ WKHFRQWH[W ZLWK WKHVH VWDWLRQ DSSURDFKHV WKH HC
OHDGLQJ WR WKH SODQQHG VWDWLRQ VWRS DUH FRQVLGHUHG

SROOLQJG6WRFN

JRU WKLV UHVHDUFK WKH VFRSH ZLOO IRFXV RQ WKH FRPPXWHU KHDY\
6*0P DV WKRVHDUH H[SHFWHG WR\LHOG WKH PRUH VLJQLILFDQW LPSD
D KLIJIKHU GHQVLW\LQ VWDWLRQ VWRSVY L H PRUH SODQQHG VWDWLRQ
LQWHUFLW\ RU VKRUWHU GLVWDQFH EHWZHHQ VWDWLRQ VWRSV 7KHV
PRUH VWRSVY RYHU D UHODWLYHO\ VKRUW FRUULGRU LQ ZKLFK ZH FDQ J
RSHUDWLQJ WKH UDLO YHKLFOH 7KLV ZRXOG DOORZ WKH WHVWLQJ IRL
VLPLODU GULYHU PHQWDOLW\ 7KLV ZLOO KHOS HOLPLQDWH FRQWDPLC
EHWZHHQ RWKHU DVSHFWV VXFK DV GLITHUHQW VWDWLRQ SODWIRUP C

$OQORWKHU FRQVHTXHQFH RI WKH KLIJKHU VWRSSLQJ UDWHV LV WKDW WK
DYHUDJH RSHUDWLRQDO YHORFLW\DQG ORQJHU VWDWLRQ VWDWLRQ L
QRXQFHG L H FRPSRXQGHG HIIHFW RI WKH SRVVLEOH VWRFKDVWLF Q
WLRQDO EHKDYLRXU FDXVLQJ WKH LQIUDVWUXFWXUH RFFXSDWLRQ WF
YHUH WKDQ LQWHUFLW\ WUDLQV

7KH GHFLVLRQ WR QDUURZ WKH FKRLFH RI WKH UROOLQJ VWRFN GRZQ V
HOLPLQDWH GLITHUHQW YHKLFOH FKDUDFWHULVWLFV FDXVHG E\ WKH G



6FRSH &DVH G6WXG\

WKH FRUUHODWLRQV DQG VWDWLVWLFDO UHVXOWYV RQ GULYHU EHKDYLRXU
ZHDWKHU YHKLFOH RU WUDFN FRQGLWLRQV YHKLFOH GHOD\ VWDWH

JRUWKH DQDO\WLYVY WKH QRPLQDO YHKLFOH FKDUDFWHULVWLFV ZLOO EH XV
FOHUHVLVWDQFH YDOXHV DQG FRHIILFLHQWY 7KHUH DUH KRZHYHU QRW
WR WKHLQWUD YHKLFOH W\SHPHFKDQLFDO VWRFKDVWLFLW\ L H GLIIHUH
VDPH YHKLFOH W\SH

, QIUDVWUXFWXUH

7R FUHDWH D FOHDU GLVWLQFWLRQ EHWZHHQ HIWHUQDO LQIOXHQWLDO IDF
WUDFN FRQGLWLRQV YHKLFOH GHOD\ VWDWH DQG SHUVRQDO GULYHU FKD
FKRVHQ WR IRFXV LWV LOQYHVWLIJDWLRQ DVLQJOH FRUULGRU EHWZHHQ WZF
VWDWLRQV DQG GLITHUHQW SODWIRUP GHVLJQV :LWK WKLV WKH DVVXPSWI
GHJUHH RI FHUWDLQW\ WKDW WKHUH ZHUH QR GULYHU FKDQJHV DORQJ WK
RIVWDWLRQ VWRSV WR XQGHUVWDQG WKH FRUUHODWLRQ EHWZHHQ GLIIHU
LWIURP WKH FRUUHODWLRQ RI GULYHU GHFHOHUDWLRQ EHKDYLRXU 7KLYV
LQWHQVLW\ARI UDLO YHKLFOHYVY 7KLV LV WR WHVW WKHVWRFKDVWLFLW\ DJ
VFKHGXOH DQG ZKDW WKH LPSDFW LV RQLQIUDVWUXFWXUH RFFXSDWLRQ

7TLPH3HULRG

7KH VHOHFWLRQ RI WKH WLPH SHULRG LV FRQVLGHUHG D EDODQFH EHWZHH
IRUWKH VWDWLVWLFDO DQDO\WVLV WR SURYLGH VWDWLVWLFDO VLJQLILFDQC
KDYLRXUDQG DQ\ FRUUHODWLRQV GUDZQ LQ WKLY UHVHDUFK 7KH GHFLVLI
DQDO\WVLV RIDWLPH ZLQGRZRIDQHQWLUH WLPHWDEOH \HDU

SHDOLVHG 'DWD

'XHWR WKHKHULWDJH RI WKH SURSRVHG DQDO\WLYVY PRGHO WKH UHDOLVHC
YHKLFOH L H 9HKLFOH *36 /RFDWLRQ 7LPH 9HORFLW\ DQG LQIUDVWUXEFV
'DWD WUDFN VHFWLRQ RFFXSDWLRQ DQG UHOHDVH WLPHV VHFWLRQ VLJQ!
DQDO\WVLVY PHWKRG IRU WKLY UHVHDUFK DQG WKH UHB®&XIDBSMWGRIDWD ZLOO EH
WKLV UHVHDUFK

&DVH 6WXG\

TR IXUWKHU VSHFLI\RQ WKH GLITHUHQW DVSHFWV PHQWLRQHG DERYH LQ G|
UHVHDUFK WKHIROORZLQJFDQ EHVXPPDULVHG RQ WKH SUHYLRXV VFRSH
VWXG\ IRU WKLY UHVHDUFK

'ULYLQJS5HIJLPHVDQG 2SHUDWLRQDO 6FHQDULR

7TKH GHFHOHUDWLRQ UHJLPHYVY &RDVWLQJDQG %UDNLQJ ZHUH H[DPLQHG WR
FRQWH[WRIWKHGHFHOHUDWLRQ EHKDYLRXU IRUWKH SODQQHG VWDWLRQ
WUDLQ UXQV DUH XVHG IRUWKH DQDO\VLV

5ROOLQJ6WRFN 6/7

7KH YHKLFOH W\SH FKRVHQ IRU WKH FDVH VWXG\ ZDV WKH 6SULQWHU /LIKW
VXPHG PRUH PRGHUQ RQ ERDUG FRQWURO DQG ORJJLQJ VI\VWHP )RU WKH G
HWHUV WKH QRPLQDO YDOXHV RI WKH YHKLFOH FKDUDFWHULVWLFV H J U
6/7 ZHUH XVHG



T QWURGXFWLRC

,QIUDVWUXFWXUH "8W +W~

$IHZ GLIITHUHQW FRUULGRUY ZHUH H[DPLQHG VXFK DV 7KH +DJXH 5RYV
$PVWHUGDP 8WUHFKW ,Q WKHHQG WKHGHFLVLRQ ZDV PDGH WR XV
&RUULGRU 8WUHFKW 8W V+HUWRJIJHQERVFK +W

7LPH3HULRG WLPHWDEOH\HDU

7KH WLPHWDEOH \HDU RI ZDV VHOHFWHG DV LW ZDV WKH PRVW UHFF
HOLPLQDWH DQ\ FRQWDPLQDWLRQ RI UHFHQWO\LPSOHPHQWHG RSHUD
7KLV ZDV DOVR WKH \HDU LQ ZKLFK WULDOV ZLWK KLIJK IUHTXHQF\ WUDL
FKRVHQ FRUUBGLGRU 3URS5DLO 6SRRU3UR 7KH 6/7 6SULQWHU WUDLC
ZHUH QRW SDUW RI WKH FXUUHQW UROO RXW RI WKH KLIK IUHTXHQF\ W
WKDW GXH WR WKHLQWHUDFWLRQ RQ PL[HG WUDIILF FRUULGRU WKHF
DIlHFWLQJDQG ZHUH DIIHFWHG E\ WKH KLIJK IUHTXHQF\ WLPHWDEOH 71
LOWHUHVWLQJ LQVLIKW LQ WKH HITHFWV RI LPSOHPHQWDWLRQ RI +LJK
GULYHU VGHFHOHUDWLRQ EHKDYLRXU DQG WKH HIITHFWV RI VWRFKDVW
VHQVLWLYLW\RI +LJK )UHTXHQF\ WLPHWDEOLQJ

7UDLQ 5XQ 6HULHV G6HULHV

KHQ WKH FRQVLGHUDWLRQV RIUROOLQJ VWRFNDQG LQIUDVWUXFWXU
XVLQJ D VSHFLILF WUDLQ UXQ VHULHY DURVH WR SURYLGH D PRUH FRQ\
ULHV RI WKH WLPHWDEOH \HDU VHHPHG WR DOLJQ ZLWK WKH FKR
HQWLUH WUDLQ UXQ VHULHV ZDV UXQ ZLWK 6/7 YHKLFOHVY DQG WKH GH
VWXG\LQIUDVWUXFWXUH KHOSLQJ VROLGLI\WKHLQIUDVWUXFWXUH F|



-JUFSBUVSF

7KH VXPPDULVHG UHYLHZV RI GLITHUHQW OLWHUDWXUH VRXUFHV DUH JURX
HQFHLQ WKLY UHVHDUFK

ILWHUDWXUHS5HFRQVWUXFWLRQ ORGHO 2SHUDW

7KLV VHFWLRQ KROGV WKH VXPPDU\ RI WKH GLITHUHQW PDLQVWUHDP DSSUF
LQJWKHUHDOLVHG YHORFLW\ SURILOHV DQG WKHUHIRUH WUDLQ RSHUDWR
WKHQ IROORZHG ZLWK WKH OLWHUDWXUH XVHG WR VXSSRUW WKH DQDO\VL)

%DVLFV RIPRGHOOLQJWUDLQ PRYHPHQWYV

%HIRUH GLVFXVVLQJ WKH ZRUNV UHVHDUFK DQG SDSHUV UHODWHG WR WK
VKRUW GHVFULSWLRQ RI WKH WZR PDLQ PDWKHPDWLFDO DSSURDFKHV XVH(
YHORFLW\LVJLYHQ DORQJZLWK D FRXSOH UHOHYDQW SURV DQG FRQV

.LQHPDWLFV

20HRIWKHPDLQ PDWKHPDWLFDO DSSURDFKHV LV WKURXJK WKH XVH RI NL(
HTXDWLRQV DUHDUHDOO EDVHG RQ IRXU YDULDEOHVY L H YHORFLW\ VSOL
GLVWDQFH DFFHOHUDWLRQ DQG UHTXLUH WKH XGCWORUWKKWHWBRBDOFXOL

DE XVHG WKLY PHWKRG WR GHVFULEH WKH YHKLFOH PRWLRQ ZLWK
EUDWHG E\WUDFN RFFXSDWLRQ GDWD ZKLFK ZDV FROOHFWHG WKURXJK W
VI\VWHPDDPHQ HW DO *RYHUGH DQG OHQJHFPDQ DQG *RYHUD:H
7KH IJHQHUDO NLQHPDWLF HTXDWLRQV XVHG DUH

q tyr t e

t_ tp r

th ty' d

potor

,Q ZKLBEKYVY GLVWDWQFWLPHY DFFHOHUDWLRQ RUGHFHOHUDWIIDRGZKHQ QHJDV
t GHVFULEH WKH YHKLFOH V YHORFLW\LQ LWV UHVSHFWLYHO\LQLWLDO DC



/ILWHUDWXUH 6WX

"\QDPLFV

7KH RWKHU PDLQ PDWKHPDWLFDO DSSURDFK LV WKURXJK WKH XVH RI G
XVH RI 1HZWRQ V G\QDPLF PRWLRQ HTXDTWXIRQIVR ® [BKH MV KBWVRQ LV

D SDUWLDO GLIIHUHQWLDO HTXDWLRQ ZLWK FRHIILFLHQWYV DQG YDUL
DFWLQJ XSRQ DQG UHDFWLQJ WR DQ HQWLW\ LQ WKH IRUP RI GHIRUPDW
EHLQJ PRGHOOHG DV D PDVV SRLQW 7KLV DVVXPSWLRQ LV ZLGHO\ DFF|
UHVHDUFK DQG SHDIPWMHIFBIQG 3DFKDKLY G\QDPLFV HTXDWLRQ FDQ EH IR
H[SUHVVHGXDWLRQ

et ¢pt et k—

'LWKGHILQHG DV WKH YHKLFOKDNPRRHQWXROWDQW IRUEBDRIYWKH YHKL
KLFOH YHORVMWAWRHWY YHKLFOH PDVV ZLWK URWDWLRQDO PDVV IDFWRU
IRUg,t DV YHORFLW\ GHSHQGD QW WYUDO-RWFALYWH IRRFHQGHQW UHVLVWLYH
gt EHLQJ WKH VXUSOXV IRUFH HIHUWHG RQ RU E\ WKH WwDiLPEDYHKLFOH
EHIXUWKHU EURNHQ GRZQ LOQWR WKH UDRO YEKLFORHWKVXUVWOYHDRHEBGH
RQ WKH 'DYLV (TXDWMIVRQ DQG WKH UHVLVWLYH IRUFHVY UHODWHG WR W
WU\ JUD BLHID@W FXUY RWXWMHQ L (DFK RI WKHVH IXQFWLRQV FDQ EH IX
GHVFULEHG E\ WKH IROORZLQJHTXDWLRQV

e,t PLQobb,t bt $VVXPHG
Rt P Pt pt”
i
P ¢
frfp'c

R

'LWKGHVFULELQJ WKH UDLO Y KKHVOH FHOQRFUDWXLWDWLRQDO DFFHOHU
k 9 i EHLQJD GLPHQVLRQOHVYV YDULDEOH GHVFULELQJ WKH' EPSDFW R
H[SUHVVHRGRQ WKH FXUYDWXUH UpVILQW LY H[IRWHFWVHG DV SURSRUWLRQ
GHVFULELQJ WKH ORQJLWXGLQDO JUDGLHQW R IWX&, GHMOARIN.EFHFWLRQ

WKHUDLO YHKLFOH VWUDFWLYBGCEISHVFIHEWWEKR®DLO YHKLFOH V Ul
FRHIILFLHQWYVY DFFRUGLQJ WR WKH DSSOLHG 'DYLV (TXDWLRQ )XUWKH!
UHVLVWLYH IRUFH HTXDWLRQV KDYH DOUHDG\ EHHQ DGMXVWHG WR EH
WKLY UHVHDUFK HLWKHU H[SOLFLWO\WKURXJK PDVV YDULDEOHV RU L
FRHIILFLHQWY DQG DUH WKHUHIRUH H[SUHVVHG DV WKHLU UHODWHG L

.LQHPDWLF YV '\QDPLFV

8VLQIJ WKH NLQHPDWLF HTXDWLRQV DVVXPHVY D FRQVWDQW DFFHOHUDYV
GULYLQJ VXE UHJLPHRUFRQVLGHUHG WUDFN VHFWLRQ 7KH HTXDWL!
GHQWDQG FDQ WKHUHIRUH FDOLEUDWLRQ QRW EH XVHG IRU D GLIIHUH
VWRFN LV FRQVLGHUHG LGHQWLFDO LQ YHKLFOH FKDUDFWHULVWLFV )
RQO\LPSOLFLWO\DFFRXQW IRUWKH GLITHUHQW IRUFHVY PDNLQJ LW KD
WKH GLITHUHQW DVSHFWV RI WKH YHKLFOH VPRWLRQ HJ GULYLQJ EHI
GHVLIJQ FKDUDFWHULVWLFY ZHDWKHU WUDFN YHKLFOH FRQGLWLRQV
WDQFH IRUFHV OVXMHMHIRIQPUH DOVR IRUWKH PRVW SDUW YHORFLW\ C



/[LWHUDWXUHS5HFRQVWUXFWLRQ ORGHO 2SHUDWLRQDO %HKDYLRXU

ZLOO WKHUHIRUH FKDQJH ZLWK GLITHUHQFHV LQ YHORFLW\ PDNLQJ LW LQK

'\QDPLFV (TXDWLRQ DOORZV GLIIHUHQWLDWLRQ RI DFFHOHUDWLRQ UHVLV
QDPLFV HTXDWLRQ DQG LWV FRHIILFLHQWY DUH WUDMHFWRU\LQGHSHQGH ¢
LW\ GLITHUHQFHYV DQG PDNLQJ WKH FRHIILFLHQWY JHQHUDOLVHG IRU ERWK
FKDUDFWHULVWLFV 7KHUHIRUH SUHYLRXV FDOLEUDWLRQ RI WKH FRHIILFL
WUDLQ UXQV ZLWK VLPLODU YHKLFOH DQG LQIUDVWUXFWXUH FKDUDFWHUL
WKH SURSRVHG UHFRQVWUXFWLRQ PRGHO GHVFULEHG LQ WKLV UHVHDUFK
UDWHG RQ EHORZ XVHV WKH G{ORPPWARADEMXVRG G WR GHVFULEH WKH YHK
YHORFLW\LQ GLVWDQFH LQVWHDG RTYWDLWHRRY VHHQ ODWHU LQ

8VLQJ VWRFKDVWLF EORFNLQJWLPHV WRLPSURYH WLPHWI
OHGHRVVLHWDO

OHGHRVVL HW DGHYHORSHG D PHWKRG RI JHQHUDWLQJDQG HYDOXDWLRQ R
EOHV ZLWK WKH UXQQLQJ WLPHY EDVHG RQ VWRFKDVWLF EHKDYLRXU RI KH|
UHVHDBBGEUHFKW HW PRYHUGH KDG GRQH 7KLV PHWKRG ZDV FDOLEUDWH(
UHDOLVHG WUDLQ UXQV LQ WKH FRUULGRU 7ULHVWH 8GLQHLQ 1RUWKHUQ

'XHWR WKHLQDFFHVVLELOLW\ XQDYDLODELOLW\RI KLJK TXDOLW\ WUDFN
GLJLWDO WUDLQ UHFRUGHU GDWD IUR P M&HR,YWLCHW @ Y B Q GVKZ&

*36 ORFDWLRQ WUDFNLQJ RI WKH YHKLFOHV DQG WKHQ OLQNHG DQG DGMXYV
O\LQJ LQIUDVWUXFWXUH RI WKH FRUULGRU +H zZDV DEOH WR DFKLHYH XVXL
KLY VWRFKDVWLF DSSURDFK WR EORFNLQJ VFKHGXOHYV

OHGHRVVL HW DRVHG WKH NLQHPDWLF PRWLRQ HTXDWLRQV LQ ZKLFK KH R

RI SHUIRUPDQFH FRHIILFLHQWY DQG IL[HG QRPLOCHXCHRNKILAOWH BFP&DUDFWHU
KDG WR WKHUHIRUH GHILQH GULYLQJ UHJLPH VSHFLILF IXQFWLRQV |

JHQHUDOLVHG IXQFWLRQ IRU YHORFLW\ SURILOH GHVFULSWLRQ

7TKH PLQLPLVDWLRQ SUREOHP GHILQHG IRUWKH RSWLPLVDWLRQ RI WKH PR
PHDQ VTXDUHG HUURU FDOFXODWLRQ RQ WKH YHORFLW\ FRPSRQHQW RI WK
WKH PRGHO VHVWLPDWHG YHDRFWWR QD VKHHRIWIPLVDWLRQ PHWKRG XVHG
VROYH WKH PLQLVDWLRQ SUREOHP ZDV DSSO\LQJDQ VLPXODWHG DQQHDOL

M

OLQLPLVH trordg éberg ”
b £ »

6XEMHFW WeRn, ,nW K k G\U

7TKHHTXDWLRQ XVHG WR FDOFXODWH WKH YHORFLW\ ZDV D FRQYHQWLRQEC
DEOH SHUIRUPDQFH SDUDPHWHUV DQG SUH GHWHUPLQHG RU GHWHUPLQL
WR YHKLFOH LQIUDVWUXFWXUHDQG WLPHWDEOH L H UHVLVWDQFHS5 WL
EUDNHG ZHLJKW SHUFHQWDJH %:3

7KH GLITHUHQFHV ZLWK WKH ®BW.IQR YHE H DEJF& RV WKH XVH RI D NLQH
PDWLF PRWLRQ IXQFWLRQ ZLWK IL[HG QRPLQDO YHKLFOH FKDUDFWHULVWIL
PDQFHIDFWRU FRPSDUHG WR D JHQHUDOLVHG GLITHUHQWLDO HTXDWLRQ C
IHUHQFH RYHU GLVWDQFH ZLWK ERXQGHG YDULDEOH YHKLFOH FKDUDFWHU
GULYLQJ UHJLPH VSHFLILFIXQFWLRQV 7KLV DORQJZLWK WKHJIJHQHUDO
PDGH LWDQ LQIOH[LEOH VA\VWHP DV LW OLPLWHG WKH GHJUHHV RIITUHHGRF
LQGLYLGXDO YHKLFOH FKDUDFWHULVWLFV

7KLV UHVHDUFK KRZHYHU KDV SURYLGHG LQVLJKW LQ WKH HILVWHQFH RI
EHKDYLRXU DQG KDV VKRZQ LW WR EH SRVVLEOH WR FDOFXODWH DQ HVWLP
EHKDYLRXU IURP *36 ORFDWLRQ WUDFNLQJ GDWD



/ILWHUDWXUH 6WX

6LPXODWLRQ %DVHG 2SWLPHhWBWLRYQLWURHE D

%H"LQRYLE HWVEDDQWURGXFHG WKH IUDPHZRUN RI XVLQJ D VLPXODWLR(
UHDOLVHG WUDLQ GHVFULEHU GDWD LQ WKLV FDVH WUDFN RFFXSDWLR
FOH," WRDFFXUDWHO\GHVFULEH WKH YHKLFOH FRHIILFLH®@NY IRU WL
QRYLE HW DO WKH PRGHO ZDV IXUWKHU UHILQHG WKURXJK D VHQVLWLY
LQJ ZLWHK'LQRYLE HWDODOLGDWLQJ WKH VLPXODWLRQV ZLWK UHDOLVH
7TKHVH SDSHUV SURGXFHG &KDSWHU &DOLEUDWLRQ RI 7UDLQ 6SHHG
EV\%H"LQRYLE DQG KDG WKH SXUSRVH RI FUHDWLQJ D UHOLDEOH PHWKR
QLQJWLPHVDQG YHORFLW\ SURILOHV IRUDFFXUDWH HVWLPDWLRQ DQ
UDLOZD\ QHWZRUNYV 7KH SURSRVHG VLPXODWLRQ PRGHO ZzDV EDVHG R
HTXDWLRQV RI PRWLRQ ,Q SDUWLFXODU WKH G\QDPLFV HTXDWLRQ XV
DVDGLITHUHQWLDO HTXDWLRQ RI YHORFLW\ RYKDVGULRFQVDQFH DV GHVF

ct gt Pt cacpp
cq t

,Q ZKLBEKY WKH EUDNLQJ RRMMKH FHHKQWOH YHORFLW\ JpD 6 KH Y D/WHHHIH V V
UHVLVWDRFEH WKH WUDFWLtY DQIGRUHWVKLFOH UBMLVOGMHIVEPHEHG E\ WKH IR(
ORZLQJHTXDWLRQV

6t PLQ.bb,t bt
Rt p pt pyt”

,QUWH"LQRYLE HWVEDOWKH VHQVLWLYLW\DQDO\VLV RI WKHISDQBPHWHUV
KDYHD QHJOLJLEOH YDULDQFHDQG FRXOG WKHUHIRUH EMVBVMWXRHG IL|
GXHWR WKH LQVLIQLILFD QWMVMRHWKHN GRIFBIXOWG'DOXH RI WKH UROOLQJ
LVWLFV SURYLGHG E\ WKH 72&

7KH RSWLPLVDWLRQ SUREOH® B OBRRERWMEDEDY WKH PLQLPLVDWLRQ |
WKH VXP RI DEVROXWH GLIIHUHQFHVY EHWZHHQ REVHUYHG DQG VLPXOD
WUDFN VHFWLRQV DQG FDXPDBH. ROHWLZDV PLQLPLVHG ZLWK DQ KHXULVV
LQJDOJRULWKP QDPHO\D *HQHWLF $OJRULWKP

OLQLPLV$’| _Hh[l"ko"]é rblbfneZm:]
buM
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/[LWHUDWXUHS5HFRQVWUXFWLRQ ORGHO 2SHUDWLRQDO %HKDYLRXU

$Q $JHQW EDVHG $SSURDFK WR 6LPXODWLQJ 7UDLQ 'ULYHU
7LHOPDQ

7LHOPDQ GHYHORSHG D PHWKRGRORJ\DQG RSWLPLVDWLRQ DOJRULWKP L
RQ WKH YDOLGLW\ RI WKH PLFURVFRSLF VLPXODWLRQ PRGHO )5,62 XVHG E\
XVH RIDJHQW EDVHG WUDLQ RSHUDWRUV 7KHVH DJHQWYV WKDW KH GHYHOF
PDFKLQH OHDUQLQJ FRQFOXGHG ZLWK DQ LPSURYHG UHVXOW LQ )5,62 VLP.
EHKDYLRXU ZKHQ FRPSDULQJ WKH DJHQW EDVHG PRGHO DQG WKH )5,62 ED)
WUDIILF GDWD

+RZHYHU LW ZDV QRW SHUIHFW DV VRPH FRPSDULVRQV UHVXOWHG LQ VWLO
LPSURYHG GHYLDWLRQ LQ UHVXOWYV EHWZHHQ UHDOLVHG DQG FDOFXODW
IXQFWLRQV XOWHEHRVVL HW DOALHOPDQ ZDV OLPLWHG E\ WKH OLQHDU HTXD
LQ 3UR5DLO V )5,62 DQG ZDV WKHUHIRUH OLPLWHG WR FRQVWDQW YHKLFOH
UHJLPH HJ WKH XVHRIVLQJOHDQG FRQVWDQW EUDNLQJDQG DFFHOHUDV
VDPH GULYLQJ UHJLPH 7KLV ZDV GHDOW ZLWK E\ PRGHOOLQJ WKH ILQDO I
VWRS RUD UHG VLIQDO LQWR WZR GLIIHUHQW EUDNLQJ UHJLPHV DQG LI QH
FUXLVLQJ UH1HROPDQ S

"KHQ GHYHORSLQJ KLV DJHQWYV KHLQYHVWLIJDWHG WKH 'ULYLQJ WLPH 8QW
FXUYH '8( 7KLV ZDV VR WKDW WKH VLPXODWHG WUDLQV ZRXOG QRW VWDU
WRR HDUO\ 7KH JDPPD GLVWULEXWLRQ ZzDV GUDZQ DV D UHIHUHQFH IRU KL
'8( XVHG DV WKH LQLWLDO '8(zZDV GHHPHG VWRFKDVWLF DQG LQGHSHQGHQ
FOH YHORFLW\

7TKHUH ZHUH RWKHU FRUUHODWLRQV GUDZQ HJ EHWZHHQ WKH LQLWLDO'Y
EHWZHHQ VWDUWDQG VWRS RI D GHFHOHUDWLRQ DSSURDFK WR D VWRS W
FRQFOXVLRQV WKDW ZRXOG LPSO\ WKDW VWRFKDVWLFLW\ FRXOG EH IRXQ(
DQG GXUDWLRQ RI GLITHUHQW GULYLQJ UHJLPHV ZLWK GLITHUHQW VFHQDUL

6WXG\RI"HFHOHUDWLRQ %HKDYLRXU RI'"OIDKUMIQW 9HKLFO
DQG %RNDUH

'XHWR WKHOLPLWHG UHVHDUFK PDWHULDO SXEOLFO\DYDLODEOH RQ WKH
YHKLFOHY DQ H[SORUDWLRQ LQWR GLIITHUHQW WUDQVSRUWDWLRQ RU WUD
QHFHVVDU\ 7KH UHVHDUFK ILHOGY FRYHULQJ URDG YHKLFOHYVY KROG VLJQL
GHFHOHUDWLRQ EHKDYLRXUO R XKWYXOVWIQH SODRMVUFD UWLFXODUO\ LQWHUHVW
LQJDQG UHOHYDQW IRU WKLV UHVHDUFK

7KLV UHVHDUFK IRFXVHG RQ GHWHUPLQLQJ WKH GLITHUHQW GHFHOHUDWLR
IHUHQW YHKLFOH W\SHV L H 7UXFNV FDUV PRWRULVHG WZR DQG WKUHH 2
LWVHOIIURP WKH PDMRULW\ RI SDVW UHVHDUFK E\ H[DPLQLQJ WKH GHFHOH
IORZ KHWHURJHQHRXV KLJKZD\ E\DVNLQJDOO URDG XVHUV L H FDUV WU
YHKLFOHVY WR GULYH DW WKHLU PD[LPXP GHVLUHG YHORFLW\WR D FRPSO
DPRXQW RI WLPHLQVWHDG RI UHVWULFWLQJ WKHPVHOYHYVY WR RQO\FDUV D
WUDIILF VWDWH DQG 7KH GHFHOHUDWLRQ RIDOO URDG XVHUV ZDV UHFRU

,WZDV GHWHUPLQHG WKDW WKH GLITHUHQW YHKLFOH W\SHV KHOG VLJQLILF
EHKDYLRXU 9HKLFOHV ZLWK D KLJKHU LQLWLDO YHORFLW\KDG D ORQJHU C
WDQFH ZKLOH H[SHULHQFLQJKLJKHU PD[LPXP DQG PHDQ GHFHOHUDWLRQ |
FHOHUDWLRQ DSSURDFK $00O YHKLFOH W\SHV GXULQJ WKHLU GHFHOHUDW!|
WLRQ UDWH WKDW LQLWLDOO\ LQFUHDVHG DWWDLQHG PD[LPXP GHFHOHUD
GHFHOHUDWLRQ UDWH DJDLQ RQFH WKH YHKLFOH YHORFLW\ GURSSHG EHO

JRUDOO H[FHSW WKH FDUV D GXDO UHJLPH PRGHO ZDV GHYHORSHG WR GH
UDWH RI WKH REVHUYHG GHFHOHUDWLRQ EHKDYLRXU ZLWK WKH UHJLPH DE
5HILPHTXDWLRQyc, EHLQJ GHVFULEHG E\DQLQYHUVH H[SRQHQWLDO IXQF
UHJLPH EHORZ WKH FULWLFDO (YHXORRIRQY c3HEHRPGJ GHVFULEHG DV D OLQHD
IXQFWLRQ 7KH GHFHOHUDWLRQ UDWH RI WKH REVHUYHG FDUV ZDV GHVFUL
VHFRQG RUGHU SROXQRRIRYc, )RU YDOLGDWLRQ WKH UHVHDUFK XVHG Wk
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LOWHUSRODWH DQG ILW WKH IXQFWLRQV EDVHG RQ WKH REVHUYHG GH|
DSSOLHG D 3DLUHG 7 WHVW WR GHIHQG WKHLU QXXODOMUBSRWKHVLYV DV
p 7KLV QXOO K\SRWKHVLV ZDV WHVWHG IRU FROODGHQFADWVYWHUYD
GHWHUPLQHG WKDW WKH QXOO K\SRWKHVLVY FRXOG QRW EH UHMHFWHG

c, i,rddo
Cy, 6 Ot
Cy e ot Vi 3t i

b heh

i,Si, PRGHO SDUDPHWHUYV

<

6 PLQLPXP GHFH®HEDWLRQ

6 -HUN YHORFLW\GHSHQGDQW
t YHKLFOH YH@RFLW\

by PHDQ GHFHOHUDWLRQ FDOFXO®WHG IURP REVHUYHG
bk PHDQ GHFHOHUDWLRQ REWDRtQHG IURP PRGHO

WLV QRW TXLWH VXUH KRZ VWURQJ WKH SDUDOOHOV DUH EHWZHHQ Wt
URDG DQG UDLO YHKLFOHY +RZHYHU LWLVLOQWHUHVWLQJ WR VHH WK
GULYLQJ EHKDYLRXU RIURDG XVHUV GHFHOHUDWLRQ UDWHV DUH REV|
DVVXPSWLRQV RIEHKDYLRXUDO SDUDOOHOV ZLOO KDYH WR EH WKRUR?
GHIHQFH RUDVVXPSWLRQ WKDW WKH GHFHOHUDWLRQ UDWHY DUH YHO|
VXSHUILFLDO 7KLV ZLOO DOVR PHDQ DQ XQFHUWDLQW\LQ UHJDUGV W
REVHUYHG LQ WKH GHFHOHUDWLRQ UDWH RI WKH URDG XVHUV DQG LI W
HUDWLRQ EHKDYLRXU RI KHDY\UDLO YHKLFOH RSHUDWRUYV

ILWHUDWXUH 'DWD 3URFHVVLQJ 6WDWLVWLFD

&RQVLGHULQJ WKH GDWD GULYHQ DSSURDFK RI WKLY UHVHDUFK VRPH
EHUHYLHZHG ZLWK UHJDUGYV WR 'DWD OLQLQJDQG 'DWD 3URFHVVLQJ
FDQW LPSDFW RQ WKH FXUUHQW PHWKRG RI PLQLQIJDQG SUH SURFHVV|
,0DQG 72& 7KH SXUSRVH RI WKLV VHFWLRQ KDG D OHVV GLUHFW LQIOX
SDUHG WR WKH SUHYLRXV SDSHUV 7KLV ZLOO KRZHYHU IXQFWLRQ PR
DQG DSSUHFLDWLRQ IRUWKH WHFKQRORJLFDO DGYDQFHPHQWY PDGH
7TKHVLY UHVHDUFK WR EH IHDVLEOH

*KRIUDQL HW DQ@QHYLHZHG WKH LPSOHPHQWDWLRQ RI %LJ 'DWD DQG WK
WKLY GHYHORSPHQW ZLWKLQ WKH GLITHUHQW EUDQFKHV RI WKH UDLOZ
VXPPDULVHG WKH GLITHUHQW UHVHDUFK SDSHUV XVLQJ %LJ 'DWD IRU \
PLQLQJ SURFHVVLQJ PHWKRGY WRROV IRUWKHLU %LJ 'DWD $QDO\VLV
IXUWKHU HODERUDWHG E\ FDWHJRULVLQJ WKHP E\5DLOZD\ 7UDQVSRU\
LH 6DIHW\ 2SHUDWLRQV ODLQWHQDQFH OHYHO PRGHO W\SH L H

SUHGLFWLYH DQG RWKHU ELJ GDWD WHFKQLTXHYV

,QWKH576 DUHD RI 2SHUDWLRQV ,QWHOOLJHQW 5DLO 7UDQVSRUWDWL
VHYHUDO LQQRYDWLYH WHFKQRORJLHVY WR ,0VDQG 72&V LQ DQ HITRUW
DQG HIILFLHQW GHFLVLRQV 7KH DSSOLFDWLRQRI %'$LQ ,576 KDV LPSL
WLRQ PRGHOV DQG SUHGLFWLRQ PRGHOV EA\DOORZLQJIDVWHU DQG PR
SURYLGHG PRUH PHDQV WR HYDOXDWH YDOLGDWH RUWUDLQ WKH DQD
VLRQV IDVWHU E\ SURYLGLQJ PRUHDQG UHOHYDQW LQIRUPDWLRQ

&XUUHQW DQG PRGHUQ DXWRPDWLF VLIQDOOLQJ VI\VWHPYVY DUH EDVHG
7KLV LQFOXGHV WKH WUDLQ GHVFULEHU VA\VWHPVY WKDW NHHS WUDFN R
WUDLQ GHVFULSWLRQ HJ WUDLQ LGHQWLILFDWLRQ QXPEHU 7KLV IR
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URXWH VHWWLQJDQG FHQWUDOLVHG WUDIILF PDQDJHPHQW +RZHYHU LW .
VW FHQWXU\ WKDW WKH ORJV ZHUH DUFKLYHG IRU UDLOZD\ RSHUDWLRQV |
PHQW WKHVH ORJV ZHUH RQO\ VWRUHG IRUD IHZ GD\V DV VXSSRUW IRU LQY
DFFLGHQWY &RQVLGHUHG RQH RI WKH IRUHUXQQHUV LQ SURFHVVLQJ WUDI
\WLV *RYHUGH 'DDPHQ DQG +DQVHQ ZLWK WKMHRRHRHW ®OHVHQWHG LQ
*RYHUGH *RYHUGH HW DOGHYHORSHG DPLQLQJWRRO RQ WKHROGHU 7UH
9ROJV\WWHHP 719 IRU WKH 'XWFK ,0 SUHVHQWHG DV WKH WRRO QDPHG 719
DQDO\WLY PHWKRGRORJ\ ZDV GHYHORSHG DQG LW ZDV WKH VSLULWXDO RII
LQJWRRO 1RZGHYHORSHG WR PLQHDQG SURFHVV WKH GDWD IURP WKH "X\
VFULEHU V\VWHP. HF2O0® DQG *RYHUBBH 7KLV LV WKH WHFKQRORJ\ WKDW ZR
DOORZ IRU WKH %'$ LQ WKH 5DLOZD\ 2SHUDWLRQV WR H[LVW LQ WKH 'XWFK &
WKLV RUD GHULYDWLYH LV ZKDW UXQV EHKLQG WKH VFHQHV ZKHQ DQ\ 'DW
LV PDGH

&ROOHFWLQJ SURFHVVLQJDQG WUDQVIRUPLQJ WKHVH GDWD VRXUFHV ZK
E\*KRIUDQL HW DOVKRZQ7DEOH LQ FRPELQDWLRQ ZLWK WLPHWDEOLQJ GDW
VFULSWLYH DQDO\VLV RI WUDLQ GHOD\V DQG WLPHWDEOH LPSURYHPHQWYV
SOLFDWLRQV RI %'$ LQ UDLOZD\ RSHUDWLRQV 7KURXJK WKH FRQFHSW RIS
PDLQ NQRZOHGJH UHVHDUFKHUV ZHUH DEOH WR SURFHVV WUDLQ GHVFULE
VLWLRQV DW WKH OHYHO Rl WUDF N IVMHF Q' H RVQDROF AXFSFODMLR QG *RYHUGH

D $OVR URXWH FRQIOLFWY FRXOG EH GHWHUPLQHG IURP WKHVH ORJV I
OD\V GXH WR XQVFKHGXOHG EUDNL QD FRKQ 6 \EH GHRYHUGH HW DO

%LJ 'DWD 6RXUFHI\7\SLFDO FROQWHQWYV

7UDLQ '"HVFULEHU7DWEN RFFXSDWLRQDQG UHOHDVH WLPHVY WUDLQ GH\
VLIQDO VWDWHYV VWRS JR VZLWFK VWDWHYV OHIW UL

7UDIILF FRQWURD' BEDDA BWWB/ DWLRQV RURWKHU WLPHWDEOH SRLQW YV
*36 GDWD | 7UDLQ SRVLWLRQV
7UDLQ HYHQW UHFRWGRSEUUMDLRQV DQG YHORFLWLHYV WUDFWLRQ EUL

7TUDIILF FROQWURDOD®WRFLGEQW HQG RI GLVUXSWLRQV IDLOLQJ HOHPHQW\
UHJLVWUDWLRQ|GDWD

7LPHWDEOH GD\MDBUULYDO DQG GHSDUWXUH WLPHYV WUDLQ URXWHV VYV
7LFENHW VDOHYV G‘D?WDNHWV DYDLODEOH

$XWRPDWLF )DUH ZROVIHFMAIRKKHFN LQ DQG FKHFN RXW WLPHV
GDwWD VPDUW FDUG GDWD

"HEVLWH GDWD 7LPHWDEOHV UHFRPPHQGHG WUDYHOV DQG SULFHV \
GLVUXSWLRQ ORFDWLRQDQG WLPHVY RQOLQH WLFNHYV

7DEOH 'DWD 6RXUFHVIGCRINDUWLEHW BEXYDEOH

7KH WUDLQ GHVFULEHU GDWD HQDEOHG GDWD GULYHQ SUHGLFWLYH PRGH(
WLPH GDWD ZLWK PHWKRGV VXFK DV UREXVW UHJUHVVLRQ UHJUHVVLRQ W
HFPDQ DQG *RYHUBBHDQG HYHQW JUDSK PRGHOV IRURQOLQH WUDFN FRQIC
DQG WUDLQ GHOD\ SDK&HRWHWR ®WO.HFPDQ DQG *RYHUBBH$QRWKHU
DSSOLFDWLRQ RI WUDLQ SRVLWLRQ GDWD KDV EHHQ WR HVWLPDWH WUDLQ
WRROV RQ WUDLQ HYHQW YBERU\GHW GDWDPXODWHG $QQHDOLQJ RQ YHKLF
*36 GDWBIGHRVVL HW DD QG D *HQHWLF $OJRULWKP RQ WUBNHNIRFFXSDWLRQ
QRYLE HW DO

'H)DEULVY HW DOXVHG WKH WUDLQ HYHQW UHFRUGHU GDWD WR GHULYH UHD
LVWLFV 7KLV GDWD VHW FRQVLVWY RI QRW RQO\ WKH YHKLFOH V ORFDWLR
WLRQ DQG EUDNLQJ DSSOLFDWLRQV 7KH LVVXH ZLWK WKLV W\SH RI GDWD L
WHPSRUDU\ VWRUDJH PDNLQJLW GLIILFXOW WR XVHIRUDQDO\VLV RQ D OLC
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ODU PHDQV RI YHKLFOH EDVHG YHKLFOH WUDFNLQJ GDWD LV XVLQJ WK
IRUWKH VDPH SXUSRWRWVL HW DDKLVY ZRXOG SURYLGH ZLWK OHVV LQIRU
DORZHU WUDFNLQJ DFFXUDF\ EXW LY GHHPHG PRUH DFFHVVLEOH IRU L
FHQWUDOLVHG DYDLODELOLW\

&EXUUHQW 3UDFWLFH 5XQQLQJ WLPH FDOFXODMW

7TKH RWKHU VLGH RI WKH FRLQ LQ WU\LQJ WR XQGHUVWDQG UHDOLVHG
LVWR XQGHUVWDQG ZKDW WKH DVVXPHG H[SHFWHG QRPLQDO YHKLFO
DQG KRZ WKHVH YDULDEOHYVY DUH GHULYHG RUIRXQGHG 7KH FXUUHQW
DQG ,0LQ UHJDUG WR EUDNLQJ UHJLPHV LV SULPDULO\ WKDW WKH EUD
EUDNLQJ FRHIILFLHQW 7KLV DVVXPHV WKDW EUDNLQJLV DSSOLHG LQV
QHJOLJLEOH DPRXQW RI WLPH LV VSHQW RQ WKH EXLOG XS RUUHOHDVF
E\WKH YHKLFOH VEUDNLQJ VIVWHPV 7KLV DOORZV IRUD VLPSOHU VRC
DW WKH FRVW RIDFFXUDWHO\ GHVFULELQJ UHDO RSHUDWRU EHKDYLR X

$QRWKHU FXUUHQW SUDFWLFH DSSOLHG E\ WKH 72& DQG ,0 LQ UHJDUG "
WLPHWDEOH LV WR FDOFXODWH WKH PLQLPXP UXQQLQJ WLPH EHWZHH
DFFHOHUDWLRQ DOORZHG L H OLPLWHG E\HLWKHU WUDFWLRQ LQ WK
JLQH SRZHU RU SDVVHQJHU FRPIRUW UXQQLQJDW WKH WUDFWLRQ V \
LQ WLPH ZLWK FRQVWDQW DQG QRPLQDOO\ GHILQHG GHFHOHUDWLRQ U
EDVHG RQ YHKLFOH WHVWV 6/7 YHKLFOHV DOORZ IRU DkQQR8XQDO GHFH
LQJ D QRUPDO EUDNLQJ UHJLPH WR UHDFK WKH LQWHQGHG VWRS ORFD
HIWHQGHG ZLWK WLPH DOORZDQFHV LQLWLDOO\ GHILQHG E\D IL[HG SH
QLQJWLPHDQG ODWHU IXUWKHU HIWHQGHG ZLWK WLPH DOORZDQFHV E
EHWZHHQ VWDWLRQV IRXQG LQ WKH UHFHQW KLVWRULFDO GDWD 7KH I
LV PHDQW WR DGG UREXVWQHVV WR WKH QHWZRUN WLPHWDEOH DQG D¢
UXQQLQJ WLPH VXUSOXV LV H[SHFWHG XQGHU SHUIRUPDQFH SODQV VX
MGHQ ,GHH 8=, 7KHVHFRQG PHDVXUH RI WLPH DOORZDQFHV LV WR DG
HUURU LQ FDOFXODWLRQ RI WKH PLQLPXP UXQQLQJ WLPH RU WKH XQGH
FHQWDJH WLPH DOORZDQFH FRPSDUHG WR UHDOLVHG WUDLQ UXQV DQC
QHVV RI WKH QHWZRUN DQG WR GHFUHDVH WKH SHUFHQWDJH Rl GHOD\\

7KLY PHWKRG RI PLQLPXP UXQQLQJ WLPH FDOFXODWLRQVY EDVHG RQ PD
QRPLQDO FRQVWDQW EUDNLQJ DQG WKH WLPH DOORZDQFH FDOFXODW
DJH RI WKH PLQLPXP UXQQLQJWLPHDQG WKH UHDOLVHG PHDQ GHOD\ (
ORZ IRUWKHH[LVWHQFH RI VWRFKDVWLFLW\ EDVHG RQ WKH YDULDQFH
PHQWDQG RUEHKDYLRXU )RUWKH PRUHDVVHUWLYH RSHUDWLRQDO E
WUDLQ UXQV ZLWK VXIILFLHQWO\ VXUSOXV LQ WLPH DOORZDQFHV WKL
WLPH DOORZDQFH VXUSOXV FDQ EH WXUQHG LQWR D PRUH HQHUJ\ HIILF
FRDVWLQJ UHJLPH LQ ZKLFK D WUDLQ GUDZV PLQLPDO SRZHU E\ WXUQL
DQG DOORZLQJWKH YHKLFOH WR UROO IRUD VLIJQLILFDQW GLVWDQFH

7KH SUREOHP RI WKLY PHWKRG RIUXQQLQJ WLPH FDOFXODWLRQV DULV
VWRFKDVWLF GLVWULEXWLRQ LQ UHJDUGV WR WKH GHOD\V IRXQG LQ W
UXQQLQIJ WLPHV 7KLV LV EHFDXVH WKH URRW FDXVH RI WKH VWRFKDVYV
DVROXWLRQ WR WKH YDULDQFH LQ RSHUDWRU V GULYLQJ EHKDYLRXU |
WLF EHKDYLRXU LQ WKH UXQQLQJ WLPHDQG QHWZRUN WLPHWDEOH FD(

6WDWH RI WKH $UW 6FLHQWLILF*DSDQG ,QVS

7KH VFLHQWLILF JDS IRXQG ZKLOH UHYLHZLQJ VFLHQWLILF SDSHUV ZD
FRQVWUXFWLRQ PRGHO% IS UMH\RYQW HEDEDE OHGHRVVL HW DOLHO

PDQ PDLQO\IRFXVHG RQ D VLQJOH VRXUFH RI 7LPH /RFDWLRQ GDV
GDWD RU YHKLFOH *36 GDWD DQG WKHUHIRUH LQKHULWHG WKH EHQHIL
VRXUFHV :KHQ LW FDPH WR WKH PRGHOOLQJRI WKH GHFHOHUDWLRQ U
OLPLWHG WR D FRQVWDQW DQG XQLIRUP EUDNLQJ FRHITLADH®W RU UH YV



6WDWH RI WKH $UW 6FLHQWLILF*DSDQG ,QVSLUDWLRQ

WULHG WR VROYH LW E\EUDNLQJ WKH GHFHOHUDWLRQ UHJLPH LQWR V
ZLWKLQ WKHVH VPDOOHU UHJLPHVY VWLOO OLPLWHG WR )5,62 V OLQHDU 1IX

KLOH UHYLHZLQJ RWKHU ILHOGV RI VWXG\ IRU SDSHDX BR\® ®FHOHUDWLRQ
%RNDUH SURYLGHG DQ LQWHUHVWLQJYLHZLQ GHVFULELQJ WKH GHFHOH !
GLIIHUHQW URDG XVHUV DQG H[DPLQHG WKH QRQ XQLIRUPLW\RQ LW 7HVW
RI WKH GHFHOHUDWLRQ UHJLPH LQ WKH UDLOZD\ VA\VWHP LV VRPHWKLQJ WK
DWWHPSWHG +RZHYHU WKH PDQQHU LQ ZKLFK WKH QRIXXQLIRUPLW\ ZDV K
DQG %RNDUH ZDV VIPSWRPDWLF E\ GHVFULELQJ WKH UHDOLVHG EUDNLQJ E|
YHORFLW\ GHFHOHUDWLRQ SORW DQG ILWWLQJ PRGHO SDUDPHWHUV WR W/
FKDUDFWHULVWLFV RUGULYHU EHKDYLRXU FRXOG EH OLQNHG WR WKHVH F

6R WKH VFLHQWLILFJDS DV VHHQ SHU WKLV UHVHDUFK LV WKH FRPELQLQJ
GDWD VRXUFHV LQ RUGHU WR HQULFK HDFK RWKHU E\ SURYLGLQJD ILQHU P
SRLQWYV ZKLOH WDJJLQJ PRUH GHWDLOHG LQIRUPDWLRQ RI WKH LQIUDVWU)}
$OVR QR NQRZQ DWWHPSW KDV EHHQ PDGH WR GHVFULEH WKH GHFHOHUDW
KLFOHDV D QRQ XQLIRUP PRWLRQ )XUWKHUPRUH QRQH RI WKHDERYH PHC
GubzQ FRUUHODWLRQ EHWZHHQ WKH UHDOLVHG GHFHOHUDWLRQ EHKDYLR
ZHDWKHU OLJKW RUUDLOZD\ VIVWHP FRQGLWLRQVY L H WLPHOLQHVV YHEK
KLFOH FKDUDFWHULVWLFV OLQH RIVLIKW VWDWLRQ SODWIRUP VLIJQDO O
KDYHJLYHQ PDQ\RI WKH LQVSLUDWLRQVY DSSOLHG RUWHVWHG ZLWKLQ WK

%H"LQRYLE HWIEF SURYLGHG WKH LQVSLUDWLRQ IRUWKH SURSRVHG DQDC
DQG YHKLFOH YHORFLW\ SURILOH UHFRQVWUXFWLRQ DQG WKHLQFHQWLY}
RI WKH YHKLFOH VGHFHOHUDWLRQ DSSURDFK WR D SODQQHG VWDWLRQ V
VHFWLRQ 7LPH /RFDWLRQ LQIUDVWUXFWXUHDQG WUDFN VLGH VLJQDOOL

OHGHRVVL HW DOURYLGHG VXSSRUW IRU WKH LQVSLUDWLRQ IRXQG IRU WKH
RORJ\DQG WKH UHVHDUFK DSSURDFK WR XVH 7LPH /RFDWLRQ GDWD WR Ul
ORFLW\ SURILOHVDQG DQDO\VH WKH VWRFKDVWLFLW\LQ WKH GHFHOHUDW
VSHFLILFDOO\DGGHG WKH LQVSLUDWLRQ WR XVH WKH YHKLFOH V JSV GDW|
/IRFDWLRQ GDWDVHW DV ZHOO DV WR LQYHVWLIJDWH WKH VWRFKDVWLF YD
WLPHV RI WUDFN VHFWLRQV HVSHFLDOO\ QHDU VWDWLRQV WR SURYLGH D
IRUPDQFH LPSDFW RI WKH LQIUDVWUXFWXUH RFFXSDWLRQ

7LHOPDQ SURYLGHG QRW RQO\PRUHHYLGHQFHDQG VXSSRUW RI WKH H[L\
WLF QDWXUH LQ WKH UDLO YHKLFOH VRSHUDWLRQDO F\FOH L H DFFHOHU
SHDW WKURXJK PHDQV RI VWRFKDVWLF YHKLFOH SDUDPHWHUV H J EUDNL
VWRFKDVWLF YDULDQFH LQ WKHRQ VHW WLPHV RI WKH GLITHUHQW GULYLQ
YLGHG SURRI RI WKH H[LVWHQFH RI GLITHUHQW SDWWHUQV LQ WKH GHFHOH
VWRS E\ GHILQLQJ VPDOOHU GULYLQJ UHJLPHV ZLWKLQ WKH GHFHOHUDWLR
WKHU GLITHUHQWLDWLRQ LQ GHVFULELQJ WKH UDLO YHKLFOH VGHFHOHUD
VXSSRUW IRUWKH FUHDWLRQ RI WKH GULYLQJ VXE UHJLPHV DQG WKH HYDO
HUDWLRQ DSSURDFK SURILOHV

ODXU\D DQG %RNDUSIURYLGHG WKH LQVSLUDWLRQ IRUWKH DWWHPSW WR GF
KLFOH VGHFHOHUDWLRQ UDWH DV D QRQ XQLIRUP YDULDEOH ZLWKLQ WKH
GHILQLQJ GLVWLQFW VXE UHJLPHV ZLWKLQ D UDLO YHKLFOH V GHFHOHUDW
GHFHOHUDWLRQ UDWH IXQFWLRQV LQLWLDOO\ DSSHDUHG WR GHVFULEH FH
DSSURDFKHY EHWWHU WKDQ WKH ZLGHO\ XVHG FRQVWDQW GHFHOHUDWLRC
IHQFH RI WKH YHORFLW)\ GHS HDXHQE \DI®IG % R KR UMW ERWK YHORFLW\
GHSHQGHQW GHFHOHUDWLRQ UDWH IXQFWLRQV DV ZHOO DV WLPH GHSHQG
IRUWKHLU ILWQHVYV
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7KLV FKDSWHU ZLOO GHVFULEH WKH SHUIRUPDQFH LQGLFDWRUVY DQG ZKDW
GHVFULEH )XUWKHUPRUH WKLV FKDSWHU ZLOO HODERUDWH RQ WKH FRQV
WKHP DQG WKH PHWKRGVY DQG WRROV UHTXLUHG WR SURYLGH UHVXOWYV DQ
SHUIRUPDQFH LQGLFDWRUV 7KH SHUIRUPDQFH LQGLFDWRUV DQG WKHLU U
IRUPXODWLRQ DUH VXPPBOUHDYMGWIOH HQG RI WKLV FKDSWHU

%DFNJURXQG ,QGLFDWRUYV

7R YDOLGDWH RU TXDQWLI\ WKH SHUIRUPDQFH RI DQ\WKLQJ SDUDPHWHUYV
GHILQHG WR SURYLGHD IRUP RI PHDVXUH 7KH IRFXV RI WKLY UHVHDUFK L\
WXUH RI WKH RSHUDWRU VGHFHOHUDWLRQ EHKDYLRXU DQG WKH LPSDFW L
WUXFWXUH RFFXSDWLRQ

7R VD\DQ\WKLQJ DERXW WKH VWRFKDVWLF QDWXUH RI WKH YHKLFOH V GHF
EHKDYLRXU LV EURNHQ GRZQ LQWR VHYHUDO SHUIRUPDQFH LQGLFDWRUV W
WLRQ EHKDYLRXU 7KLV FRXOG EH YHKLFOH UHODWHG HJ %UDNLQJ FRHII
5HJLPH 3URILOH RU WLPH UHODWHG H J 5XQQLQJ7LPHV /RVV 7LPHV '8(V
FDWRUV EDVHG RQ UHDOLVHG GDWD DQG SURYLGH WKH VWRFKDVWLF GLVYV

KHQ LW FRPHVY WR WKH LPSDFW WKH VWRFKDVWLFLW\ KDV RQ WKH QHWZRU
SHUIRUPDQFH LQGLFDWRUV DUHDYDLODEOH 7KLV FRXOG EHD SHUFHQWD.
VHFWLRQ LV XWLOLVHG WKH PRUH JHQHUDO LQIUDVWUXFWXUH RFFXSDWLF
WUDFN WKURXJKSXW +RZHYHU VLQFH WKH QDWXUH RI WKLV EHKDYLRXU L
WKH VWRFKDVWLFLW\ RI WKH SHUIRUPDQFH KDV WR EH WDNHQ LQWR DFFRX
SLFWXUH 7KLV ZRXOG VKRZ WKH WUDFN SRWHQWLDO OLPLWV RUVHQVLWL
EHKDYLRXU

7KLV ZLOO KRZHYHU PHDQ WKDW WKH SHUIRUPDQFH LQGLFDWRUV XVHG L(
WKH SHUIRUPDQFH RI WKH FDVH VWXG\ DUHPRVWO\HLWKHU EH YHKLFOH R
OLNHO\KDYH D VWRFKDVWLF QDWXUH 7KH SHUIRUPDQFH LQGLFDWRUV XVEI
JURXSHG LQWR 9HKLFOH UHODWHG 7LPH UHODWHG DQG 7TUDFN UHODWHG
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