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Abstract

The expansion of offshore wind farms in the North Sea is significantly impacting maritime safety. This
expansion leads to more ships being present near infrastructure, thereby increasing the likelihood of
collisions. In cases where ships become adrift and lose their ability to navigate, they are at an increased
risk of colliding with nearby structures. The nautical term for this type of collision is allision. It refers to
when a ship crashes or runs into a structure or another ship that is stationary. The consequences of such
allisions can be severe, including loss of life, damage to property and cargo, and environmental pollution.

There are methods to prevent such accidents through monitoring and preventive measures. However,
monitoring poses a significant challenge for the limited number of operators within the Dutch Coast Guard,
and an Emergency Response Towing Vessel (ERTV) is the only external measure in place to prevent a
drifting ship from alliding with a wind farm. Moreover, there is no established framework to optimise the
deployment of ERTVSs, which limits its effectiveness. To effectively manage the expansion of offshore wind
farms in terms of maritime safety, Rijkswaterstaat, the executive agency of the Ministry of Infrastructure
and Water Management, must minimise the risk of allisions. For risk-reducing purposes, this includes
gaining a comprehensive understanding of the integral image of drifting ship allision risks across the Dutch
North Sea region. This understanding must be valid, reliable, and provide the necessary insights, such
as how dynamic factors like weather conditions and shipping activity affect these risks. However, the
work of Ellis et al. (2008) highlights significant transparency issues and a heavy reliance on assumptions
in state-of-the-art methods for estimating the probability of drifting ship allisions. These issues result in
variations in the estimated return periods between different methods by up to a factor of seven. Exploring
these state-of-the-art methods revealed that several assumptions made in these methods can not be
validated. Moreover, each state-of-the-art method results in an allision occurrence rate estimate specific to
each wind turbine and offers little insight for risk-reducing purposes on a North Sea scale. To achieve a
valid, reliable, and insightful integral image of drifting ship allision risks across the Dutch North Sea region,
risk assessment methods must be substantiated from the core of the incident: a shipis drift trajectory. This
led to the exploration of a trajectory prediction-based approach for determining allision probabilities. This
approach is summarised in the main research question: How does a trajectory prediction-based estimation
method improve our understanding of the integral image of drifting ship allision probabilities in the Dutch
North Sea region to provide well-substantiated insights for risk-reducing measures?

The ship drift trajectory prediction model OpenDrift has been chosen for this study due to its high accessibility
and relatively simple approach to simulating trajectories. An analysis of how this model estimates a shipis
drift trajectory yielded several insights, which concluded that accurately predicting a shipis trajectory
requires knowledge of all three forces: wind, wave, and current. This conclusion is supported by the
analysis of a real-world case, which could only be replicated with the exact combination of forces present
at the time of the incident. Excluding any of these forces resulted in predictions that significantly deviated
from the actual trajectory.

Following this, a method was developed to es-

timate the probability of allision, denoted as

Panision in Figure 1. The primary component

of this method is Pgyrife: the probability that

an arbitrary drifting ship allides with a wind

farm, considering all possible environmental

conditions. In this study, Pqrift is determined

by conducting multiple OpenDrift simulations,

and subsequently calculating Psim&the prob- Figure 1: Methodology structure

ability of an allision in a single OpenDrift simu-

lation®numerous times for all possible combinations of wind, wave, and current forces with occurrence
rate (Penyv) based on 10 years of historic data. Since each OpenDrift simulation is specific to a shipis
geometry, the procedure must be repeated across different classifications of ships. The resulting allision
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probability for a specific starting location of a shipis drift is then calculated by multiplying Pgrift by a shipping
density value of the considered location, representing the probability of presence of an adrift ship. In this
study, Panision does not reflect an actual allision occurrence rate but serves as a comparative value across
different locations.

In simulating trajectories for the calculation of Pqyift, it is assumed that the wind and waves remain constant
throughout a shipis drift trajectory. Each combination of wind and wave conditions is simulated for multiple
starting times along a current cycle. The consistency of Pyrif¢ results with those derived from simulations
conducted using time-varying hindcast data validates the approach of keeping wind and wave conditions
constant throughout a shipis drift trajectory for the Pgy,if¢ definition in this study. Furthermore, it has been
observed that including the current is essential, as excluding it leads to Pgrift Values that significantly
deviate from the results of simulations conducted with time-varying hindcast data. Around the Hollandse
Kust West wind farm, significant differences are consistently observed in the Pqrift Values. In the context
of our definition of Pqyift, it becomes apparent that two common assumptions in state-of-the-art methods
are unjustified: (1) the assumption that the ship moves in a purely lateral direction, and (2) the estimation
of the current as a uniform speed in the wind direction.

The probability of allision (Panision) is estimated for this study for the wind farm areas Hollandse Kust West
and Hollandse Kust Zuid. The results indicate that Hollandse Kust West has the highest allision probability,
both overall and for specific wind direction ranges. Furthermore, the greatest contribution to the overall
probability for all wind farms comes from the southwest, as winds from this direction occur more frequently
and are on average stronger than those from other directions. A more detailed analysis of the influence of
current for a specific wind direction range revealed that the highest probabilities are not necessarily found
in the area corresponding to the range from which the wind originates. Different current segments lead to
varied distributions of the allision probability level around a wind farm, and the time required to reach a
particular probability level also varies across these segments.

The analysis of Pajision across multiple wind farms showed significant advantages of the established
method. This method provides detailed insights into the origins of potential threats and the time available to
respond at a given probability of allision, and can be easily extended to multiple wind farms. Furthermore,
the method offers detailed insights for specific environmental conditions, such as wind directions and
current segments. This information is invaluable for optimising risk-reducing measures, such as monitoring
and the strategic deployment of ERTVs. Moreover, this information can serve as a basis for dynamic
strategies, including repositioning of ERTVs and the implementation of rerouting strategies.

Overall, the assumptions in state-of-the-art methods might not sufficiently capture the risks associated with
drifting ships. The established method broadens the ability to improve monitoring accuracy and optimise
the positioning of ERTVS, even for specific environmental conditions. As a next step, this method should
be extended to estimate actual risk levels by considering the potential consequences of an allision. With
this approach, decision-making regarding allision threats can be contextualised alongside other maritime
safety risks, facilitating the development of a robust risk mitigation strategy that enables Rijkswaterstaat to
responsibly exploit the abundant potential the North Sea has to offer.



Preface

Before you is the thesis iTrajectory prediction for drifting ship allision probability calculations: a trajectory
prediction-based method for probability calculations to improve our understanding of drifting ship allision
risks in the Dutch North Sea regioni. This thesis has been conducted to fulfil the requirements for a
Masteris degree in Offshore & Dredging Engineering at the Faculty of Mechanical Engineering, TU Delft.
The work was carried out at Rijkswaterstaat, the executive agency of the Ministry of Water Management
and Infrastructure, and Deltares, an independent knowledge institute dedicated to developing innovative
solutions in the fields of water and subsoil.

| would like to express my gratitude to my group of supervisors for their support, input and the many critical
discussions that shaped the final result. In particular, thank you Solange van der Werff&my daily supervisor
at TU Delftdfor your unconditional weekly guidance and for steering me towards scientifically relevant
research. Despite my firm opinion about my deliverables, you always managed to put me on the right track.
Secondly, | would like to thank Arne van der Hout®my supervisor at Deltaresd®for his subject-specific
insights and the warm welcome at Deltares. Thirdly, my thanks go to Mark van Koningsveld, the chair of my
committee. Fellow students who have been mentored by you have shared stories about the enthusiasm
with which you give your mentorship and the critical thinking required to produce scientifically significant
work, and | have found this to be extremely true! Next, | would like to thank Simon van Aartsen®my
supervisor at Rijkswaterstaat®for his drive to improve my work and for connecting me with the right people
within Rijkswaterstaat. Lastly, | would like to thank Pieter van Gelder®the independent examiner of my
committeeSfor his feedback and willingness to engage during the final stages. Without all of you, this
thesis would not be what it is today.

Finally, | would like to thank my friends for listening, helping out where needed, and supporting me
throughout this process.

S. K. P. Eppenga
Delft, June 2024

v



contents

1 Introduction 1
1.1 Impact of growing offshore activity on maritime safety in the NorthSea . . . . . . . .. ... 1
1.2 Research objectivesand questions . . . . . . . . . . .. 3
1.3 Reportstructure . . . . . . . . e e 5

2 Literature study 6
2.1 Methodology of literature review . . . . . . . . . L 6
2.2 Purpose of ship collision risk assessments for maritime safety . . . . . .. ... ... .. .. 7
2.3 Ship collision types and their assessment methods . . . . . . ... ... ... ... ..... 10
2.4 Probability of a drifting ship causing an allision . . . . ... .. ... ... .......... 13
25 Knowledge gaps . . . . . o o e e 17

3 Trajectory prediction-based method 18
3.1 Rationale and model selection for trajectory prediction . . . . . .. ... ... ... ..... 20
3.2 Sensitivity of a shipis drift trajectory to environmental conditions and ship geometry . . . . . 24
3.3 OpenDriftis predictive performance . . . . . . . . . . . . e e 31
3.4 Trajectory prediction-based method for drift probability calculation . . . . ... ... .. .. 36
3.5 Determining the level of detail of scenarios through drift probability analysis . . . . . . . .. 47
3.6 Summary of outcomes and decisions .. . . . . . . ... 56

4 Implementation of method 58
4.1 Scaling drift probability calculations to multiple wind farms . . . . . . . .. .. ... ... L. 58
4.2 Probability of presence of a driftingship . . . . . ... ... .. ... oo oo 61
4.3 Summary of outcomes and decisions . . . . . . . ... 63

5 Allision probability results 64
5.1 Allision probability results . . . . . . . . . 64
5.2 Allision probability results for specific environmental conditions . . . . .. ... .. ... .. 71

6 Interpretation & discussion 74
6.1 Interpretationofresults . . . . . . . . . . 74
6.2 Implications for risk-reducing strategies . . . . . . . .. ... 75
6.3 Research validity and limitations . . . . . . . .. .. 77

7 Conclusion & recommendations 78
7.1 Conclusionstothe research questions . . . . . . . . . .. . . . . .. 78
7.2 Further researchrecommendations . . . . . . . . . . . . . ... ... .. 82

References 85

A SAMSON 86

B OpenDrift 87
B.1 Wind Forcing . . . . . . . . 87
B.2 Wave Forcing . . . . . . . . . e 87
B.3 Diffusion of simulations . . . . . . . . .. 88

C Additional results 89
C.1 Overall allision probability results Hollandse Kust Zuid . . . . .. ... ... ... ...... 89
C.2 Hourly allision probability results Hollandse Kust Zuid . . . . . ... ... ... ....... 91
C.3 Influence of different current segments for a specific wind directionrange . . . . ... . .. 93

D Python modules 95
D.1 EnVIrONMENt . . . . . . . e e 95



Contents Vi

D.2 Geography . . . . . . . 95
D.3 Methodology . . . . . . . . . e 95
D.4 Visualisation . . . . . . . . . e 95
E Data sources 96
E.1 ERAS . . . e 96
E.2 DCSM . . . e 96
E.3 DCSM-FM . . . . e 96
E.4 Wind-wave scenarios used in OpenDrift . . . . . .. .. ... ... .. ... .. .. . ... 97

E.5 Currentfieldusedin OpenDrift . . . . . . . . . . . . . . . . e 98



-RXVSHYGXI

-QTEGX SJ KVS[MRK SJJWLSVI EGXMZMX] SR QEVI

2SVXL 71E

7KH1IRUWK 6HD RITHUV QXPHURXV RSSRUWXQLWLHV IRU RIITVKRUH DFWLY |
6HD ZLOO XQGHUJR VLIJQLILFDQW WUDQVIRUPDWLRQV ZLWK WKH GHYHORSP
DV RIIVKRUH ZLQG IDUPV %\ WKH HQG RI WKH 'XWFKJRYHUQPHQW DLPV
RIN'VKRUH ZLQG HQHUJ\ FDSDFLW\ ZKLFK LY SURMHFWHG WR VXSSO\ RI'W
LOQLWLDWLYHLQYROYHV H[SDQGLQIJWRHLIJKW GHVLJQDWHG DUHDV /RRNLQ

UHDFKLQJDSSUR[LPDWHO\ *: RIRIIVKRUH ZLQG HQHUJ\ E\ DQG DERXW
RI'WKH1IHWKHUODQGYV $W WKH VDPH WLPH WKH 1RUWK 6HD UHPDLQV R
WKH ZRUOG ZLWK DURXQG VKLSV QDYLIJDWLQJ LWV ZDWHUV DQQXDO

WKHTXHVWLRQ DULVHVY RI KRZVKLSSLQJDFFLGHQWY ZLOO HYROYH ZLWK \

TEJIX]GSRGIVRW MR XLI 2SVXL 7I1E

$ FRQVHUYDWLYHDVVXPSWLRQLV WKDWDV WKHI1RUWK6HD EHFRPHV EX\
LQFUHDVH LIWKHUHDUHQRULVN UHGXFLQJGHYHORSPHQWY 7KLV K\SRWK
WKHODULWLPH5HVHDUFK , QVWLWXWH 1HWKHUODQGY 0$5,1 ZKLFKVKRZHC
RI'VKLS FROOLVLRQV ZLWK ZLQG WXUELQHYV 'XXUVPD HW DO 5LMNVZ
OLQLVWU\RI ,QIUDVWUXFWXUHDQG :-DWHU ODQDJHPHQW KDV WKHUHIRUH
ZKHUH SRVVLEOH LPSURYLQJFXUUHQW VDIHW\ VWDQGDUGY 7KLV UDLVE
VKRXOG EHWDNHQDQG KRZFDQ WKH\EHDSSOLHG PRVW HIITHFWLYHO\" 7R
WKH :LQG DW6HD ORQLWRULQIJDQG SHVHDUFK 3URJUDPPH 7KLV LQLWLDW
RIFROOLVLRQV EHWZHHQ VKLSVDQG PDULQHLQIUDVWUXFWXUHDQGDQ
SUHYHQW VXFKDFFLGHQWY 1RRUG]JHHORNHW

6MWO SIGSPPMWMSREGVSWW XLI2SVXL7IE
&ROOLVLRQV EHWZHHQ VKLSV DQG PDULQH LQIUDVWUXFWXUH FDQ KDYH V't
GDPDJH WR SURSHUW\DQG FDUJR DQG HQYLURQPHQWDO SROOXWLRQ 7K
UDPPLQJRU E\GULIWLQJ 5DPPLQJFROOLVLRQV UHVXOW IURP QDYLJDWLRC
SRRU YLVLELOLW\ DQ XQPDQQHG EULGJH RUVLPLODU IDFWRUV 'ULIWLQ
LQIUDVWUXFWXUH H[SHULHQFHY SUREOHPV ZLWK LWV SURSXOVLRQ RU \
JUDGXDOO\ORVHVY FRQWURO DQG VSHHG LW EHFRPHV VXEMHFWHG WR ZL
HQYLURQPHQW PD\ SXVK LW WRZDUGV PDULQH LQIUDVW U XFW XJUHO [7\KIHR@D X W
W UHIHUV WR ZKHQ D VKLS FUDVKHV RUUXQV LQWR D VWUXFWXUH RUDQ
WHQV RI VKLSY H[SHULHQFH D EODFNRXW LQ WKH 1RUWK 6HD IRUWXQDWH
+HUPDQV HW DO +RZHYHU WKHUH DUH H[FHSWLRQV 2Q -DQXDU\
ZLWK WKH RLO WDQNHU 3HFKRUD 6WDU GXHWR LWV GUDJJLQJDQFKRU ZKL



-QTEGX SIKVS[MRK SJIJWLSVIEGXMZMX] SRQEVMXMQIWEJIX] MR XLI 2S

JROORZLQJ WKLV DOOLVLRQ WKH-XOLHWWD 'ORVW LWV DQFKRUDQG ZKLC
DQGDWUDQVIRUPHU SODWIRUP 7KLVLQFLGHQW KLIJKOLJKWV WKH SRWHQ
I1RUWK 6HD . XVWZDFKW

TKHLQFUHDVLQJDFWLYLWA\LQ WKH1RUWK6HD UHVXOWY LQ PRUH VKLSV
7KLYV FRQWULEXWHV WR WKHULVN RIDOOLVLRQVLQYROYLQJGULIWLQJ VKL
EHLQJ SXVKHG WRZDUGV D VWUXFWXUH 7KHUHVSRQVLELOLW\IRUPRQLVW
ZLWK WKH 'XWFK &RDVW *XDUG 7KHLUDSSURDFKLY WR  FRQWLQXRXVO\
D VKLS EHFRPHV DGULIW WKH\ GHSOR\ WKHLU UHVRXUFHV ZKHUH QHFH\
FRQWH[W LV WKH H[SDQVLRQ RI PDULQH LQIUDVWUXFWXUH FRPELQHG ZL
6HD SXWWLQJ SUHVVXUHRQ WKHFDSDFLWLHV RI WKH OLPLWHG QXPEHU F
WHUPV RI UHVRXUFH GHSOR\PHQW WKH (PHUJHQF\5HVSRQVH 7RZLQJ 9H
HIWHUQDO PHDVXUH WR SUHYHQW D VKLS DGULIWIURPDQDOOLVLRQ +RZH"®
IUDPHZRUN VXFK DV DGMXVWLQJ LWV SRVLWLRQ WR FKDQJLQJIDFWRUV
SDWWHUQV 'XXUVPD HW DO TR PDLQWDLQ FXUUHQW VDIHW\ VWDQGLE
GHYHORSPHQWY 5LMNVZDWHUVWDDW VKRXOG HYDOXDWHDQG ZKHUH Q
DQGDYDLODEOHDVVHWY WR PLQLPLVH WKHULVNRIDOOLVLRQV

AVSFPIQ WXEXIQIRX
7R HIIHFWLYHO\PDQDJH WKH H[SDQVLRQ RI RIIVKRUH ZLQG IDUPV LW LV FU
RI WKH DOOLVLRQ ULVNV DVVRFLDWHG ZLWK GULIWLQJVKLSV DFURVV WK
DFFXUDWHO\HVWLPDWLQJWKH SUREDELOLW\RIVKLSV EHFRPLQJDGULIW
D VKLSYV GULIW PRWLRQ UHVXOWV LQ DQ DOOLVLRQ +RZHYHU WKH ZRU
WUDQVSDUHQF\LVVXHV DQG D KHDY\UHOLDQFH RQ DVVXPSWLRQV LQ VWD
SUREDELOLW\ 7KHVHLVVXHV UHVXOW LQ YDULDWLRQV LQ WKHHVWLPDW
E\ XS WR D IDFWRU RI VHYHQ )RU ULVN UHGXFLQJ SXUSRVHV LW LV HV\
RI GULIWLQJVKLS DOOLVLRQ ULVNV DFURVV WKH 'XWFK 1RUWK 6HD UHJL
QHFHVVDU\ LQVLJKWYV VXFK DV KRZ G\QDPLF IDFWRUV OLNH ZHDWKHU F
WKHVH ULVNV 7KLV FRPSUHKHQVLYH LQVLJKW ZLOO HQDEOH 5LMNVZDW |
DQG WKH LPSOHPHQWDWLRQ RI SUHYHQWLYH PHDVXUHV 7R DFKLHYH W]
VXEVWDQWLDWHG IURP WKH FRUH RI WKHLQFLGHQW D VKLSYV GULIW WUDM
5LMNVZDWHUVWDDW FDQ HQVXUH UHVSRQVLEOH H[SORLWDWLRQ RI WKH D
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VKLS DOOLVLRQVDFURVV WKH1RUWK 6HD WKURXJK WKUHHPDLQ REMHFWLY
IRUGHWHUPLQLQJ WKH SUREDELOLW\RIGULIWLQJVKLSDOOLVLRQVDQG WL
LQWKHVHWHFKQLTXHYV 6XEVHTXHQWO\ WKH SUHVHQW VWXG\LQWURGXFH
IRUHVWLPDWLQJDOOLVLRQ SUREDELOLWLHY GHPRQVWUDWLQJ LWV LPSU
E\DSSO\LQJ WKHHVWDEOLVKHG PHWKRG WR  PXOWLSOH ZLQG IDUPV DQG L
VHHNV WR SURYLGH QHZ LQVLJKWY YDOXDEOH IRURSWLPLVLQJULVN UH
RYHUYLHZ RI KRZWKHVHREMHFWLYHV DUH VWUXFWXUHG WKURXJKRXW WK

JLIXUH 5HSRUW VWUXFWXUH



OMXIVEXYVI W,

&KDSWHU SUHVHQWV D OLWHUDWXUHUHYLHZRQ WKHDYDLODEOH PHWKR
VKLS DOOLVLRQV 7KLV UHYLHZH[SORUHV WKHVWDWH RI WKH DUW PHWK|
VKLS DOOLVLRQVDQG WULHVWRLGHQWLI\SRWHQWLDO DUHDV IRULPSURYH
ZLWKDQRYHUYLHZ RIVKLS FROOLVLRQULVNDVVHVVPHQWY IRUPDULWLPFE
SUREDELOLVWLF PHWKRGV WR GHWHUPLQH WKHVHULVNV ,WWKHQDGGUH
ULVNVDQG LQWURGXFHVY WKHPHWKRGY FXUUHQWO\ XVHG WR HVWLPDWH W
HIDPLQHV KRZ GULIWPRWLRQLVLQFRUSRUDWHG ZLWKLQ VRPH RIWKHVHF

1IXLSHSPSK] SIPMXIVEXYVIVIZMI[

7TR FDUU\RXW WKH SUHVHQW OLWHUDWXUH UHYLHZ H[WHQVLYHOLWHUD\
6FKRODUDQG 6FLHQFH 'LUHFW $NH\ZRUG VHDUFK ZDV SBUIRWRKG XKLYI2AB|
"GULIWLQJ YHVVHO ™ $1' "FROOLVLRQULVN" 25 "FROOLVLRQ SURBDELOLW\’
FROOHFWDOO OLWHUDWXUHUHODWHG WR WKHULVNDVVHVVPHQW RI GULIW
REWDLQHG WKURXJK WKLV NH\ZRUG VHDUFK ZHUH H[DPLQHG WR H[FOXGH U
WR WKHWRSLF 7KLVOLWHUDWXUH VHDUFKUHYHDOHG WKDW PHWKRGV UHC(
HIWHQVLYHO\VWXGLHGLQ WKHDYDLODEOH OLWHUDWXUH EXW DUHPDLQO
WKHVH FRPPHUFLDO PHWKRGV ZRUN VQRZEDOOLQJZDV XVHG WR LQYHV\
OLWHUDWXUH FRPSOHPHQWHG E\ VSHFLILF *RRJOH VHDUFKHV IRFXVLQJ
PHQWLRQHG 7KLV VHDUFK ZDV FRPSOHWHG RQ -DQXDU\ JXUWKHU U
FRPSUHKHQVLYH XQGHUVWDQGLQJ RIWKHVHFRQYHQWLRQDO PHWKRGV I
VWXGLHVY HI[DPLQHG WKH REMHFWLYHV RI VKLS FROOLVLRQ ULVN DVVHVVP
FRQGXFWHG IRUWKH1RUWK 6HD



AYVTSWISIWLMTGSPPMWMSR VMWO EWWIWWQIRXWJSV QEVMXMQI WE.

AYVTSWI SIWLMT GSPPMWMSR VMWO EWWIWWQIR
BURWHFWLQJPDULQH LQIUDVWUXFWXUH HVSHFLDOO\RIIVKRUH ZLQG IDUP"
VXFK DV VKLS FROOLVLRQV DQG HQVXUH WKHLU RSHUDWLRQDO UHOLDE]
LQFUHDVLQJ UHOLDQFH RQ HQHUJ\ JHQHUDWHG IURP RIIVKRUH ZLQG IDU
6$)(6+,3 SURMHFW WLWOHG J5HGXFWLRQ RIVKLS FROOLVLRQ ULVNV IRURII
RI FRQVHTXHQFHV RI VKLS FROOLVLRQV FDQ YDU\ FRQVLGHUDEO\ $FFRU
SRWHQWLDO FRQVHTXHQFHV RILQFLGHQWY FDQ EH FDWHJRULVHG LQWR ILY
EHLQJY HQYLURQPHQWDO LPSDFWV HFRQRPLFLPSDFWV VRFLDO LPSDFW\

$ ULVN SHUVSHFWLYHLQ WKHPDULWLPHLQGXVWU\ ZLWK VSHFLDO DWW 1
FRQVLGHUHG WR LQFOXGH

tDVHWRI SODXVLEOH VFHQDULRYVY OHDGLQJWRDQDFFLGHQW

fWKH SUREDELOLWLHV RI XQZDQWHG HYHQWYV ZLWKLQ WKHVH VFHQDULT

FWKHFRQVHTXHQFHV RIWKHHYHQWY DQG D GHVFULSWLRQ RI XQFHUWD
DFFRUGLQJWRORQWHZND *RHUODQGW DQG .XMDOD

7TKH  QWHUQDWLRQDO ODULWLPH 2UJDQLVDWLRQ ,02 KDV GHYHORSHG
DVVHVVLQJ WKHULVNV DVVRFLDWHG ZLWK VKLSSLQJDFWLYLWLHV DQG E\F
ULVNUHGXFWLRQ $Q H[DPSOH IORZFKDUW RI WKLV PHWKRG LV VKRZQLQ)

JLIXUH )RUPDO 6DIHW\ $VVHVVPHQW IORZFKDUW ,02



AYVTSWISIWLMTGSPPMWMSR VMWO EWWIWWQIRXWJSV QEVMXMQI WE.

,Q WKH1HWKHUODQGV IRUH[DPSOH GXULQJWKHDSSURYDO SURFHVYV RI
D1DYLJDWLRQDO 5LVN $VVHVVPHQW 15% LV FDUULHG RXW E\5LMNVZDW
DVVHVV WKHULVN RIVKLSSLQJDFFLGHQWY QHDU RIIVKRUH ZLQG IDUPV 7KF
15$ DFFRUGLQJWR WKH )6$ PHWKRGRORJ\DQG RIWHQ FKRRVH WR XVH 0%$5
IRU 6KLSSLQJ DQG 2IIVKRUH LQ WKH 1RUWK 6HDYT 6%$0621 IRU TXDQWLWL
FDOFXODWLRQV +RZHYHU WKLV SUHIHUHQFH IRUPHWKRGRORJ\DQG PRGH

7TKHWHFKQLTXHV XVHGIRUDVVHVVLQJULVNYV LQFOXGLQJPRGHOV OLNH 6%¢
TXDQWLWDWLYH PHWKRGV ODQ\IDFWRUV FDQ LQIOXHQFH WKH FKRLFH EH\
DVVHVVPHQW 2EYLRXVO\ LIGDWD QHHGHG IRUDQDO\VLVY DUH QRWDYDLOL
TXDQWLWDWLYH ULVNDVVHVVPHQW EHFDXVH RI FRQFHUQV DERXW XQUHOL
FRQVLVWHQF\RIUHVXOWY ZKHQ UHSHDWHG DQG YDOLGLW\WR ZKHWKHU WK
,QDFDVHVWXG\H[DPLQLQJ VKLS VKLS FROOLVLRQULVNV *RHUODQGW D
SUREDELOLW\ EDVHG ULVN SHUVSHFWLYHYVY PD\ QRW FRQVLVWHQWO\ SUR
UHDVRQDEOH WR PRGHUDWH FODLPV UHJDUGLQJ WKH QXPHULFDO DFFXUD

7KHVLIQLILFDQWFRQVHTXHQFHV RIVKLSFROOLVLRQVDQGWKHDFFXUDF\R
SURYLGHDJRRG EDVLVIRUIRFXVLQJRQ WKHPHWKRGV XVHG WR XQGHUVW
VWXG\ GULIWLQJVKLSDOOLVLRQV $ULVNRIFROOLVLRQV LYV DV GHVFULE
FRQVLGHUHG D SURGXFW RI SUREDELOLW\DQG SRWHQWLDO FRQVHTXHQFF
UHYLHZ DGRSWV WKLV GHILQLWLRQ EXWIRFXVHV RQ WKHPHWKRGRORJLI
VKLS DOOLVLRQV

2Q EHKDOI RI 5LMNVZDWHUVWDDW 0%$5,1 FDUULHG RXW D VWXG\ Rl WKH L
1RUWK 6HD DV RXWOLQHG LQ WKH 'XWFKJRYHUQPHQWYfV 5RDGPDS RQ P
ERWK D TXDQWLWDWLYH DQDO\VLY FDOFXODWLQJWKH SUREDELOLW\ RI
DW WKH HITHEWLYHQHVV RI YDULRXV SUHYHQWLYH DQG PLWLJDWLQJPHD
QRQH RI WKH PHDVXUHV HYDOXDWHG LQGLYLGXDOO\RULQ FRPELQDWLRG
FXUUHQW VDIHW\ VWDQGDUGV 'XXUVPD HW DO (579V DUH WKH RQO\ LP
UHGXFHVY WKH ULVN RI GULIWLQJ VKLS DOOLVLRQV DV WKH\FDQ SUHYHQW
IDUPV LQ WKH 1RUWK 6HD UHVXOW LQ D VKRUWHU UHDFWLRQ WLPH WR LQWH |
ODUJHU QXPEHU RI (579V LV QHHGHG WR DGHTXDWHO\DGGUHVV WKLV SURE
FRQGXFWHG IRUWKH 6%$)(6+,3 SURMHFW ZKLFK VKRZHG WKDW WKH FROOLV|
WKH ORFDWLRQ DQG QXPEHU RI (579V )ULLV +DQVHQ HW DO

,QUHVSRQVH 0%$5,1 FRQGXFWHG D VWXG\WR LGHQWLI\ZLQG IDUP DUHDV\
KLJKHU 7KHDLP RI0%$5,19VUHVHDUFKLVWRHQDEOHD PRUHWDUJHWHG GH
VXFKDV (579v DQG 9HVVHO 7UDIILF ODQDJHPHQW 970 1DS 7KLV UHVF
ULVNLQGLFDWRUV GHWHUPLQLQJZKHWKHU WKH\UHSUHVHQW D SHUPDZC
WKHVHLQGLFDWRUV YDU\EHWZHHQ GLIITHUHQW ZLQG IDUPV (DFK LQGLFD
VFDOH IURP LQGLFDWLQJD VLIQLILFDQW FRQWULEXWLRQ WR FROOLVLRQ
ULVN IRUHDFK ZLQG IDUP DUHD 7KH ZHLJKW RIHDFKLQGLFDWRU LV DJJUF
UHVHDUFK UHVXOWYVY LOQGLFDWH WKDW %YRUVVHOH +ROODQGVH .XVW :HVW
SHUPDQHQW ULVN SURILOHV RIDOO ZLQG IDUP DUHDV 7KLV LVDOVR VXSSR
FDOFXODWLRQV DV GHVFULEHGLQ 'XXUVPD HW DO JLIXUH LQGLFD)

SHIDUGLQJ WKH HQYLURQPHQWDO FRQGLWLRQV FRQVLGHUHG LQ WKH VI
QRWH WKDW WKH LQIOXHQFH RI ZDYHV ZDV HIFOXGHG GXH WR LQVXIILFL
LQGLFDWRUV ZLQGDQG FXUUHQW FRQGLWLRQV DUH UHSUHVHQWHG DV
QRWDGHTXDWHO\UHIOHFW WKH DFWXDO FRQGLWLRQV HVSHFLDOO\ FRC
WKH GHSOR\PHQW RI (579V $ PRUH WKRURXJK DQDO\VLV RI WKH LQIOXH(
WKH SUREDELOLW\RIGULIWLQJVKLS DOOLVLRQV FRXOG RIIHUD QHZ SHU'
PD\KDYH D KLIJKHU ULVN SURILOH WKDQ RWKHUV &RQVHTXHQWO\ D PRUH
HITHFWLYHQHVYVY RIULVN UHGXFLQJ PHDVXUHY VXFKDV WKHGHSOR\PHQ
LPSURYH TXDQWLWDWLYHPRGHOV OLNH6$0621 E\SURYLGLQJPRUHDFFXUD
GHHSHU XQGHUVWDQGLQJRIVXFKTXDQWLWDWLYHULVNDVVHVVPHQW PR



AYVTSWISIWLMTGSPPMWMSR VMWO EWWIWWQIRXWJSV QEVMXMQI WE.

JLIXUH 1RUWK 6HD ZLQG IDUPV *RYHUQPHQW RI WKH 1HWKHUODC



7LMT GSPPMWMSR X]TIW ERH XLIMV EWWIWWQIRX QIXLSHW

7LMT GSPPMWMSR X]TIWERH XLIMVEWWIWWQIRX

"KHQ DVVHVVLQJ VKLS FROOLVLRQULVNY ZHDUHHVVHQWLDOO\WU\LQJ W|
PDULQHLQIUDVWUXFWXUH 7KHVHDVVHVVPHQWY FDQ EHVSHFLILF IRFXVL(
EHWZHHQ LQGLYLGXDO VKLSV RURQ WKHRYHUDOO ULVN RIFROOLVLRQV
UDQJH RIDSSURDFKHYVY ITURPVPDOO VFDOH VWXGLHVIRFXVHG RQLQGLYLGX
RFFXUUHQFH UDWHV LQDJLYHQ JHRJUDSKLFDO DUHD &ROOLVLRQULVNTE
IRUFROOLVLRQDYRLGDQFHDQG SULPDULOVIRFXV RQ VKLS G\QDPLFV 7K
HPEHGGHG LQ FROOLVLRQDYRLGDQFH V\VWHPVY 2Q WKHRWKHU KDQG Ul
ODUJHU VFDOHDUH GHVLJQHG WR DVVHVV VDIHW\ ZLWKLQ D VSHFLILF DUH
7TKHODWWHU D PDFURVFRSLFDSSURDFK FRUUHVSRQGVY WR WKH W\SH RI
WKH XSFRPLQJ VHFWLRQV PDFURVFRSLF SUREDELOLVWLF PHWKRGV IRU G
GLVFXVVHG VKLS VKLS FROOLVLRQVDQG FROOLVLRQV ZLWK PDULQH LQIU

4VSFEFMPMX] SIWLMT WLMT GSPPMWMSRW
KHQ H[DPLQLQJ FROOLVLRQULVNV IURPD EURDGHU SHUVSHFWLYH WKH U
VHSDUDWH WRSLF RI VWXG\ $FFRUGLQJWR 3 &KHQ HW DO WKHUH DU
RIDFROOLVLRQ EHWZHHQ VKLSV D VWDWLVWLFDO HVWLPDWLRQ PHWKRG

7KH VWDWLVWLFDO DSSURDFK HVWLPDWHY WKH SUREDELOLW\ XVLQJ WHFK
VLRQ RQ KLVWRULFDODFFLGHQW GDWD DQG WUDIILFLQIRUPDWLRQ H J
HVWLPDWHV WKH SUREDELOLW\RIVKLS FROOLVLRQ XVLQJDIUDPHZRUN S|

I:)Collision = NCandidate PCausation

7TKLVIRUPXOD GHWHUPLQHV WKH SUREDELOLW\RID FROOLVLRQ EHWZHH(
FROOLVLRQ FDQGLGDWHY DOVR NQRZQ DV JHRPHWULF SUREDELOLW\ DQG
DUH VKLSVY SRVLWLRQHG LQ VFHQDULRY ZKHUH WKHUH LV D SRWHQWLDO IR
SUREDELOLW\RID FROOLVLRQ FDQGLGDWH RUD FROOLVLRQ FDQGLGDWH IU
FDQGLGDWH WKHFDXVDWLRQ SUREDELOLW\LQGLFDWHY WKH SUREDELOLV
OLNH KXPDQ UHOLDELOLW\ RUJDQLVDWLRQDO LVVXHV RUPHFKDQLFDO G

*HRPHWULF FROOLVLRQ SUREDELOLW\DQDO\VLVY UHTXLUHYVY PDWKHPDWL
EDVHG RQ WUDIILF VWDWLVWLFV /X&L0 yRULU RU PRUH VSHFLILFD
VKLS GRPDLQV LQGLFDWLQJWKDWD VKLSLVLQYROYHGLQDQHQFRXQW

,QFDXVDWLRQ SUREDELOLW\DQDO\VLY SUREDELOLWLHV DUH GHWHU
7TUHH DQDO\WHYVY ODUWLQVY ODWXUDQD RU %D\HVLDQ QHWZRUNV OR
)DXOW 7UHH DQDO\VLV LVD PHWKRG WR DQDO\VH VAVWHP IDLOXUHV |, W X
ORJLFDOUHODWLRQVKLSVEHWZHHQ HYHQWV DQG IDXOWV WKDW OHDG W
PRGHOUHSUHVHQWLQJ SUREDELOLVWLFUHODWLRQVKLSVEHWZHHQ YDULD
PXOWLSOH VRXUFHV RILQIRUPDWLRQ VXFKDV KLVWRULFDO GDWD DQG H]

3 &KHQ HW DO FRQFOXGH WKDW WKHJHRPHWULF SUREDELOLW\DQD
GHUHVWLPDWLQJ WKH UHVXOWY 7KLV LV EHFDXVH WKH SUREDELOLW\ H
GDWD LQWHUYDOV 5HJDUGLQJ WKHPHWKRGV ZLWKLQ FDXVDO SUREDELO
WKDW WKH ODFN RI GDWD DQG XQFHUWDLQW\ LV VWLOO D SUREOHP WR RE
ILQGLQJVY UHYHDO WKDW VLPSOLI\LQJD FRPSOH[HQYLURQPHQW IRU PDFL
ODFNRIUHOHYDQW GDWD SUHVHQW VLJQLILFDQW FKDOOHQJHV 6XFK FKD
FDOFXODWLRQV RI GULIWLQJ VKLS FROOLVLRQYV 7KHUHIRUH LWLV LPS|
FDOFXODWLRQYV



7LMT GSPPMWMSR X]TIW ERH XLIMV EWWIWWQIRX QIXLSHW

A4VSFEFMPMX] SIGSPPMWMSRW [MXL QEVMRI MRJVEWXVYG
7KH (8 VXSSRUWHG 6%$)(6+,3 SURMHFW ZDV ODXQFKHG WR H[SORUH WHFKQ
ULVNVDQG GHYHORS DVVHVVPHQW PHWKRGRORJLHV VSHFLILFDOO\IRUR
RYHUYLHZ RIWKHPHWKRGRORJLHY XVHGWRHYDOXDWH WKHULVNRIVKLS P
LGHQWLILHV WZR GLVWLQFW VFHQDULRVY UHJDUGLQJ VKLS FROOLVLRQV ZLV
IDUPV

&ROOLVLRQ RI SRZHUHG VKLSV
&ROOLVLRQRIGULIWLQJ VKLSV UHIHUUHG WR DV fDOOLVLRQYLQ WKL

,QDGGUHVVLQI WKH FROOLVLRQ SUREDELOLW\RISRZHUHG VKLSV WKH 6%$)
DV VKLS VKLS FROOLVLRQV 7KHQXPEHURIFROOLVLRQ FDQGLGDWHYV LV C
GLVWULEXWLRQ IXQFWLRQ RIVKLS WUDIILF 7KLV DUHD LV FRQVWUDLQHG E
DQG KDOIRID VKLSVfZLGWK RQ ERWKVLGHV RIWKHSURMHFWLRQ DV LQGLI
JULLV +DQVHQ HW DO 7KH SUREDELOLW\RI D VKLS QRW UHFRYHULQ.
E\FRQVLGHULQJ WKH OLNHOLKRRG RIQR FRUUHFWLYHDFWLRQ EHLQJ WL
DQDO\WLQJ KLVWRULFDO DFFLGHQW GDWD RU E\ PHDQV RI DQDO\WLFDO
%D\HVLDQ QHWZRUNV DOWKRXJKEDVHG RQ RWKHU FDXVDWLRQ YDULDEOI

JLIXUH 9LVXDOLVDWLRQ RIWKHDUHD LQGLFDWLQJD FROOLVLRQ XQGHU W
WUDIILF .LP HW DO



7LMT GSPPMWMSR X]TIW ERH XLIMV EWWIWWQIRX QIXLSHW

JRUGULIWLQJ VKLSV WKHDOOLVLRQ SUREDELOLW\LVLQIOXHQFHG E\ILY

IDLOXUH UDWH RI SURSXOVLRQ V\VWHP

WLPH WR UHSDLU EHIRUH DOOLVLRQ

HPHUJHQF\DQFKRULQJ

UHFRYHU\E\VDOYDJH WXJV DQG

WKH GULIW PRWLRQ RI WKH VKLS GHSHQGLQJRQ WKH H[LVWLQJ ZDYH

VLIH DQG W\SH
7KHUH DUH VHYHUDO FROOLVLRQ ULVN PRGHOV GHYHO
RSHG WKDW FRQVLGHU ERWK SRZFHEHS DR RFGBEIWLQJ
ISR L e e
PHQW DUH JLYHQ LQ 7DEOH 82175 .6 " $UDWHF B WG

&2/:7 *HUPDQLVFKHU /OR\G */

7KH 63)(6+,3 SURMHFW FRQFOXGHG  XSRQWHRUVNH oHULWDV '19 |6SRXJH

YLHZLQJ WKH PRGHOV &2//5,6. &21-2 BO6
630621 WKDW DOO PRGHOV FRY MU Wi pBY VLYK ODULWLPH 7HFKQRORJI\ %¢

SRUWDQW LQIOXHQFLQJ IDFWR @WPE;%JL?\?\Pu'&QJF\Q/%E'é%BbL
VLRQV +RZHYHU WKHVH IDFWRUYV %}Jﬁ%\éﬁgr&%&%ﬁ\;twéuwhlFDOFXODWLRC

GLITHUHQW OHYHOV RI VRSKLVWLF

7KH 6%$0621 PRGHO GHWHUPLQHVY WKH SUREDELO
LWV\RIGULIWLQJVKLSDOOLVLRQV E\

$tD GDQJHU SDUW LQGLFDWLQJZKHWKHU D VKLSTV GULIW PRWLRQ FDXV
$tDQ HQJLQH IDLOXUH SUREDELOLW\ SHU VDLOHG PLOH DQG
$tDUHSDLUDQG DQFKRU IXQFWLRQ FRUUHVSRQGLQJWR VHOI LQLWLDW

$VLPLODU PHWKRG LV XVHG LQ WKH &5%$6+ PRGHO

Pco =N FgulTwPp1 Pp2 Pops
KHUH

N LVWKHQXPEHURIVKLSY SHU\HDU ZLWKLQ WKHFRQVLGHUHG DUHD
FouriwV WKHIUHTXHQF\RI GULIWLQJ PDFKLQHU\EUHDNGRZQ SHU KRXU 7
T LVWKHQXPEHURIKRXUV D VKLSLVLQWKHFRQVLGHUHG DUHD
Pb1 LVWKHSUREDELOLW\RI XQIDYRXUDEOH GULIW GLUHFWLRQ
Pbo LVWKHSUREDELOLW\RIQRHIIHFWLYH H[WHUQDO DVVLVWDQFH
Pbs LVWKHSUREDELOLW\RIQRDOOLVLRQDYRLGDQFHE\RZQ PHDVXUFE

%RWK PRGHOV KDYH D VLPLODU DSSURDFK WR FDOFXODWLQJ WKH SUREDEL
PRGHO XVHV D VR FDOOHG YfGDQJHU DUHDYJIRUVSHFLILFVHWV RIZLQG FRQG
GULIWPRWLRQRIDQDGULIWVKLSZLOO UHVXOWLQDQDOOLVLRQ ,Q WKH &
RIDQ XQIDYRXUDEOH GULIW GLUHFWLRQ %\LGHQWLI\LQJ ZKLFK VKLSV D
ZLOO UHVXOW LQ DQ DOOLVLRQ DQG FRPELQLQJ WKLV ZLWK WKH SUREDELC
SUHVHQFH2UHSUMVWRWEBMEHU RI VKLSYV SMKH BDYW UDJE WLPH VSHQW LQ DQ
FDQ FDOFXODWH WKH SUREDELOLW\RI GULIWLQJVKLS DOOLVLRQV H[FOX

%RWKPRGHOV LQFRUSRUDWH ULVN UHGXFLQJIDFWRUV $OOLVLRQDYRLGLE
UHSDLULQJ WKH HQJLQH ZLWKLQ D VSHFLILHG SHULRG DQG SHUIRUPLQJ
DSSURDFKWRHQJLQHUHSDLULY SULPDULO\EDVHG RQDYDLODEOH KLVWRL
DQHPHUJHQF\DQFKRULQJSURFHGXUHGHSHQGV RQIDFWRUV VXFKDV GULIW
DOQG WKH FRPSRVLWLRQ RI WKH VHDEHG 7KH PRGHOV DOVR FRQVLGHU |
DVVLVWDQFH VXFKDVDQ (579 7KLV SUREDELOLW\LVY GLUHFWO\LQIOXH!
FORVHUDQ (579 LVWR D FHUWDLQ DUHD WKH JUHDWHU WKH SUREDELOLW\F
7TKHUHIRUH ZH ZLOO H[SORUHLQ JUHDWHU GHWDLO KRZWKHVHPHWKRGYV
KRZWKH\GHILQH WKH SUREDELOLW\ WKDW LWV GULIW FDXVHV DQ DOOLVLI



4VSFEFMPMX] SJEHVMIXMRKWLMT GEYWMRKEREPPMWMSR

4VSFEFMPMX] SJEHVMIXMRKWLMT GEYWMRK ER

7KH GULIWGLUHFWLRQ RUPRUHVSHFLILFDOO\ WKHWUDMHFWRU\RID GL
ZLWKD VWUXFWXUH 7R HIIHFWLYHO\UHIOHFW WKH SUREDELOLW\RIDQ DC
PXVW DFFXUDWHO\UHSUHVHQW WKH VKLSTVWUDMHFWRU\ 7KHUHIRUH ZH
KRZ D VKLSTV GULIWFDXVHVDQDOOLVLRQDV HPEHGGHG LQ WKHULVN DV’
PXOWLSOHPRGHOV KLJKOLJKWLQJWKHODFNRIGHWDLOHG H[SODQDWLRQ\
6XEVHTXHQWO\ ZH ZLOO H[SORUH KRZ WKH GULIW PRWLRQ RID VKLSLV W
DYDLODEOH OLWHUDWXUH RQ GULIW PRWLRQ

1IXLSHWJSV HIXIVQMRMRK XLITVSFEFMPMX]E WLMT W HVN
$VPHQWLRQHG LQ WKH SUHYLRXVY VHFWLRQ WKH 6%$0621 PRGHO XVHV D G
FRQGLWLRQVDQG VKLS WASHVY WR LQGLFDWH ZKHQ WKH GULIW PRWLRQ RI DC
FHUWDLQ ZLQG GLUHFWLRQ DQG VKLS W\SH WKHGDQJHU SDUW FDQ EH LO(

JLIXUH , OOXVWUDWLRQ RIGHILQLQJWKHGDQJHU SDUW DURXQG DQ REMHI
VKLS W\SH

$QRWKHU PRGHO IURP 6DIHWHF 1RUGLF $6 WKH &2//,"(PRGHO XVHV D VLF
OHQIJWKV IRUVSHFLILFZLQG GLUHFWLRQV

PCD = Nb Pb PW D/BL
KHUH

Ny LVWKHDQQXDO QXPEHU RIVKLSV LQ WKHER[DIIHFWHG E\WKH VSHFLIL
P, LVWKHEUHDNGRZQ SUREDELOLW\ ZKLFK LV WKHUHFRYHU\IDLOXUH U
P LVWKHSUREDELOLW\RID  SDUWLFXODU ZLQG GLUHFWLRQ

D LVWKHDOOLVLRQ GLDPHWHU

BL LVWKHER[ OHQJWK SHUSHQGLFXODU WR WKH ZLQG GLUHFWLRQ VHH)



4VSFEFMPMX] SJEHVMIXMRKWLMT GEYWMRKEREPPMWMSR

J)LIXUH ,00XVWUDWLRQ RIGHILQLQJWKHER[OHQJWK DURXQG DQ RI

7TKHVHDSSURDFKHVUHVXOWLQZLQGGLUHFWLRQ VSHFLILFDUHDV ZLWKLQ -
WLPH 7KH SUREDELOLW\RI WKLV VSHFLILFVLWXDWLRQ WKHUHIRUH GHS
E\ (OOLVHWDO DUHSRUW IURP 663$6ZHGHQ $% WREHFDOFXODWHG
WKHIROORZLQJIRUPXOD

’)Kwd R w

w

Po1= 360/N g

w=1
ZKHUH

Nwa LV WKHQXPEHURIGLYLVLRQVLQ GLITHUHQW ZLQG GLUHFW
w LVWKHDQJOHFRYHUHG E\WKHZLQGVIDUP LQ WKH ZLQG GLI
Ry LVWKHIUHTXHQF\IRU ZWQG IURP GLUHFWLRQ

$OWHUQDWLYHO\ WKHPRGHO GHYHORSHG E\*/ DQG &2/:7 GHWHUPLQHV
GLUHFWLRQ EA\DSSO\LQJD ORQWH &DUOR WHFKQLTXH RQDYDLODEOH ZLQC

7TKH QH[W VWHS LV GHWHUPLQLQJ ZKHWKHU WKH GULIW PRWLRQ RI D VKL
RYHUWLPH (OOLV HW DO HYDOXDWHV WKH PRGHOV 6$0621 &2/:7 DQ
DVVXPSWLRQV PDGHDERXW WKHLQIOXHQFHRIWKHIRUFLQJHQYLURQPHQW

tTWKH ZLQG DQG ZDYHV DFW LQ WKH VDPH GLUHFWLRQ
$WKH ZLQG GLUHFWLRQ DQG YHORFLW\DUH NHSW FRQVWDQW GXULQJ W
+PDVV HIITHFWV DUH QRW LQFOXGHG LQ WKH PRGHO

fWKHIRUFHVY FRQVLVW RIWKH ZLQG IRUFH WKHDYHUDJHG VHFRQG RUGH
VKLS WKURXJK WKH ZDWHU

fWKHHIITHFWLYH DOOLVLRQ ZLGWK LV WKH VKLS OHQJWK SOXV WKH GLI|
GULIWLQJ SDWK
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KDW UHPDLQV LV WKH WLPH XQWLO DOOLVLRQ ZKLFKFDQ EH GHWHUPLC
PRGHO WKLV GULIWYHORFLW\LY GHWHUPLQHG IRUD VSHFLILF VKLS W\SH
ZDYHEHORQJLQJWRDFHUWDLQ %HDXIRUW FODVVY 'HWDLOV RQ KRZ WKH 6%
IRUFHVY DV ZHOO DV ZDYH UHVLVWDQFH DUH SURYLGHG LQ $SSHQGL][ $

GHULYHG XVLQJ WKH GUDJIRUPXOD ZKLFKUHODWHY WKHIRUFH H[SHULH
WR WKH IOXLGTVY GHQVLW\ WKHREMHFWTVY YHORFLW\ DQG LWV H[SRVHG
ZDYHIRUFHLVY EDVHGRQDQHPSLULFDOO\GHULYHG FRHIILFLHQW WKDW C
WKHFRPSOH[LQWHUDFWLRQ EHWZHHQ VKLSVDQG ZDYHYV

$V VWDWHG LQDQLQWHUQDWLRQDO FRPSDULVRQRIQDYLJDWLRQDO ULVN L
WKHVH PRGHOV DUH FRPPHUFLDO DQG ODFN FRPSUHKHQVLYH GRFXPHQW
DVFHUWDLQ WKH GDWD RQ ZKLFK WKHVH FDOFXODWLRQV DUHEDVHG DQG W
RIRXUNQRZOHGJH WKHPRGHO VXJJHVWHG E\663$6ZHGHQ $% FDOFXODWH
GULIWGLUHFWLRQ IROORZHG E\D GULIW VSHHG FDOFXODWLRQ FRQVLGH
ORUHRYHU WKH 6%$0621 PRGHO DFFRXQWYV IRU WKH FXUUHQW DV DQ HVWI
GULIW YHORFLW\ EXW GRHVY QRW DFFRXQW IRULWY GLUHFWLRQ DV QRW!
DVVXPSWLRQV UHTXLUHVY HIWHQVLYH NQRZOHGJH RI WKH GULIW PRWLRQ R

SLIVITVIWIRXEXMSR SIJHVMIX QSXMSR
7R PRVW HIITHFWLYHO\UHSUHVHQW WKH SUREDE PphLMWQ RRWRXOPIDY RXWDLE
LPSRUWDQW WR XQGHUVWDQG WKH GULIW PRWLRQ RI'DVKLS 7KLV XQGHU\
GULIW PRWLRQ

7KH PRWLRQ RI D GULIWLQJ REMHFW LV WKH FXPXODWLYH RXWFRPH RIY
$FFRUGLQJ WR +DFNHWW HW DO WKH SRVLWLRQ RIDIORDWLQJ REMHF
LWV WRWDO Gghl | WZKHHOYRF LWTXDOV WKW WettP RAKLFK UHSUHVHQWY WKH RFHD
YHORFLW\UHODWIV¢YH ERI(BKNWHKIDULHHVHQWY WKH REMHFWY{V GULIW YHORFL!
ZDWHU

Varitt = Veurrent + Vrel

7KHRFHDQ FXUUHQW YHORFLW\LQFOXGHV WKH VXUIDFHFXUUHQW DQG WKH
FXUUHQWY FDQ EH IXUWKHU GLYLGHG LQWR WLGDO FXUUHQWV DQG LQHUW
YHORFLWA\LV FRPPRQO\HTXDWHG ZLWK WKH QHDU VXUIDFHFXUUHQW GHUI
XWLOLVHD SDUDPHWHULVDWLRQ EDVHGRQ ZLQG YHORFLW\ DQG RUORFDO
XVLQJVXFKPRGHOVLVWKDW WKHRFHDQ FXUUHQW YHORFLW\ XQLIRUPO\LP
YHORFLW\UHODWLYHWR WKH VXUURXQGLQJZDWHU LV WKH VXP RIWKH ZLQ
DQGLVVWURQJO\GHSHQGHQW RQ WKH FKDUDFWHULVWLFV OLNHJHRPH

HW DO WKHHTXLOLEULXP RITRUFHVY DFWLQJRQ WKH VKLS FDQ EH YLV X
DQGFDQ EHH[SUHVVHG DV
KHUH

Fwia LV WKHZLQG GULIWIRUFHDFWLQJRQ WKH VKLS
Fwae LV WKHZDYH GULIWIRUFHDFWLQJRQ WKHKXOO
fiom LV WKHIRUP GUDJRUGDPSLQJIRUFHVY HIHUWHG E\WKH ZDWHU RQ WK
fwawe LV WKH ZDYH GDPSLQJ DFRXQWHU IRUFHWKDW RFFXUV DV WKH PRYL
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JLIXUH )RUFHV DFWLQJRQ D GULIWLQJ VKLS +DFNHWW HW DO

SUHGLFWLQJ WKH GULIW RI REMHFWYV VXFK DV VKLSV LQ WKH SUHVHQW C
LWVY UHOLDQFH RQ HPSLULFDO IRUPXODV 7KLV FKDOOHQJH LV FRPSRXQ
VXFKDV RFHDQ FXUUHQW YHORFLW\ RIWHQ FRPHV IURP QXPHULFDO PRGHC(
XQFHUWDLQWLHV LQ WKH ZLQG ZDYHDQG FXUUHQW GDWD WKDW GULYH WKt
DSUREDELOLVWLFIUDPHZRUNLV D SUDFWLFDO VROXWLRQ 7KLV LQYROY
DOORZLQJD VHULHVRIQXPHULFDO LQWHJUDWLRQV WR EH SHUIRUPHG IRU

2Q WKH RWKHU KDQG DFFRUGLQJ WR +DFNHWW HW DO WKH GULIW
PRUHDQDO\WLFDO PHWKRGRORJ\ XVLQJLQVLIKWV IURP VKLS DUFKLWHFW
VKLS GULIWPRGHO GHYHORSHG DW WKH OHWHRURORJLFDO ,QVWLWXWH I
ZDYH LQGXFHG IRUFHV WR FDOFXODWH D VKLSYV GULIW YHORFLW\ +DFNF
DSSURDFKOLHVLQ LWV DELOLW\WRUHGXFH WKHNQRZOHGJH UHTXLUHG
$OQORWKHU VLIQLILFDQW ILQGLQJUHOHYDQW IRU WKH GULIWDQDO\VLV RIYV
VKLS XQGHUJRHV DUDSLG LQFUHDVH W\SLFDOO\ZLWKLQ PLOQXWHV WR:
VLPXODWLRQV RIVHYHUDO KRXUV RUORQJHU LWLV QRWQHFHVVDU\WR L
JRRG DSSUR[LPDWLRQ FDQ EHDFKLHYHG E\DSSO\LQJWKH VWDWLRQDU\ VF

7KH FDOFXODWLRQ RI GULIWPRWLRQDQG WKHIRUPDWLRQRID GULIW WUD
DVVXPSWLRQV PDGHLQ FXUUHQW PRGHOV VXJJHVW KHWKHU WKHVH DVVX
RIUHDO ZRUOG FDVHYV



/IRS[PIHKI KETW

IRS[PIHKI KETW

JROORZLQJDQ HIWHQVLYH H[SORUDWLRQ RI WKH SUREDELOLW\RIGULIWLQ.
JDSVUHJIJDUGLQIJWKH YDOLGLW\RI WKHVH SUREDELOLW\HVWLPDWLRQV D

8LIZEPMHMX] SJIWXEXI SJ XLI EVXTVSFEFMPMX]IWXMQEX
7TKHPHWKRGV XVHG WRDVVHVV DOOLVLRQULVNVLQYROYLQJGULIWLQJVKL:
WKHVH PHWKRGY DUH QRW GRFXPHQWHG LQ GHWDLO PDNLQJ LW GLIILF
FRYHUDJHLQ OLWHUDWXUH RI GHWDLOHG PHWKRGV DQG VWXGLHV IRFXVHG
DERXW WKHUHOLDELOLW\DQG YDOLGLW\RIWKHVHPDFURVFRSLFDSSURDFI
GULIWLQJ VKLS DOOLVLRQV ,WLVLPSRUWDQW WR GHWHUPLQH WKH PRVW L
ULVNRIGULIWLQJVKLS DOOLVLRQV 7KLVFRXOG FKDOOHQJH WKHDVVXPSW
SUHGHILQHG GULIW GLUHFWLRQ EDVHG RQ ZLQG GLUHFWLRQ DVVXPLQJDOL
GULIWPRWLRQ RQHGHJUHHRIIUHHGRP DQG WKH ZD\WKHLQIOXHQFH RI\
LQWKHVHDVVXPSWLRQVY OHDG WR FRQVLGHUDEOH GLITHUHQFHVY LQ HVWLP
7TKHUHIRUH LWLVLPSRUWDQW WR XQGHUVWDQG WKH SDUDPHWHUYV WKDW
ZKLFK WKH\ GR VR $QDO\WLQJDFWXDO WUDMHFWRULHV RI GULIWLQJ VKLSV
DVVXPSWLRQVDQG XOWLPDWHO\ GHILQLQJKRZWRDFFXUDWHO\UHSUHYV

OMQMXIH MRWMKLXW SIJTVSFEFMPMX]IWXMQEXMSRW JSV
SHIDUGLQJ WKHDVVHVVPHQW RIDOOLVLRQULVNV RYHU ODUJHU JHRJUD ¢
XVHG IRUDVVHVVPHQWY RI LQGLYLGXDO ZLQG IDUPV ([LVWLQJUHVHDUFK
6HD UHJLRQ LV OLPLWHG WR

I$ TXDQWLWDWLYHDVVHVVPHQW E\ WKH PRGHO 6%30621 IRFXVLQJRQ Wk
ULVNV ZLWK WKH H[SDQVLRQ RIRIIVKRUH ZLQG IDUPV DQG

t$ TXDOLWDWLYHDVVHVVPHQW DLPHG DW LGHQWLI\LQJ ZLQG IDUP DUHL

7TKH TXDQWLWDWLYHDVVHVVPHQW UHVXOWYV LQ D SUREDELOLW\YDOXH ZKL
SHU ZLQG WXUELQH )XUWKHUPRUH LQ DGGLWLRQ WR WKH SUREDELOLW\F
DFFRXQWYVY IRUWKHLQIOXHQFH RIDOOLVLRQDYRLGDQFH WKURXJK RZQ P}
(579V 'HVSLWH WKLY D TXDOLWDWLYHDVVHVVPHQW LY FRQGXFWHG IRU W

%RWK DVVHVVPHQWY IDOO VKRUW LQ RITHULQJ VWUDWHJILF LQVLIJKWYV Q'
ULVN UHGXFLQJ PHDVXUHV ,QVLIKWV LQWRDYDLODEOH UHVSRQVH WLP
QRW WKRURXJKO\GLVFXVVHG LQ WKHVHDVVHVVPHQWY 6XFKLQVLJKWYV
RI WKHLPSDFW RI G\QDPLF IDFWRUV VXFKDV ZHDWKHU FRQGLWLRQV DQ
ULVN UHGXFLQJ VWUDWHJILHYV



SVENIGXSV] TVIHMGXMSR F

JRUWKH VDNH RI VWUXFWXUHDQG FODULW\ WKH YDULRXV FRPSRQHQWYV RI
LQDGYDQFH )RUD FHUWDLQ DUHD WKH SUREDELOLW\RIDOOLVLRQLV GH

WKH SUREDELOLW\RI SUHVHQFH RIDQ DGULIW VKLS
WKH SUREDELOLW\RID GULIWLQJ VKLS FDXVLQJDQDOOLVLRQ
WKH SUREDELOLW\RIDOOLVLRQDYRLGDQFH

7KH SUREDELOLW\RI SUHVHQFH RIDQDGULIW VKLS LV GHWHUPLQHG E\ WK
RI'VKLSVLQDQDUHD DQG WKHDYHUDJH WLPH D VKLSVSHQGV LQ WKDW DU
YDU\GHSHQGLQJRQ ORFDWLRQ ZKLFKFDQ EHGHWHUPLQHG XVLQJ KLVW
RI WKLV VWXG\ LWLV DVVXPHG WR EHFRQVWDQW DFURVV WKH 1RUWK 6H
RIPRUH VKLSVDWDORFDWLRQRYHUD FHUWDLQ SHULRG LQFUHDVHYV WK
WKHUH )RULQVWDQFH WKH SUHVHQFH RI VKLSVY FDQ EH GHWHUPLQHG E\P
SDVVLQJ FHUWDLQ DUHDV E\WKH QXPEHU RI KRXUV D VKLS LY SUHVHQW LQ
WKHQ PXOWLSOLHG E\WKH SUREDELOLW\RIHQJLQHIDLOXUH SHU VKLS SHU
GLVWULEXWLRQ DFURVV WKH VSHFLILFDUHDYV LQGLFDWLQJZKHUH WKH S
KLIJIKHVW )RUVLPSOLFLW\ EHVLGHV DVVXPLQJLW FRQVWDQW WKH SURE
VWXG\ 7KH SUREDELOLW\RIWKH SUHVHQFH RIDQ DGULIW VKLS LV IXUWK'
GHQRWR&iFE\LQ )LIXUH 7KH KLJKHU WKLV GHQVLW\ WKHJUHDWHU WKH Ol
DGULIWDW WKDW ORFDWLRQ FRPSDUHG WR RWKHU DUHDV &RQVHTXHQWO\
UHSUHVHQW DFWXDO DOOLVLRQ RFFXUUHQFH UDWHY EXW UDWKHU FRPSDI

7KH IRFXV RI WKLV VWXG\LV RQ WKH OLNHOLKRRG RI D GULIWLQJ VKLS FD X
SUREDELOLW\RID GULIWLQJ VKLS FDX PR JLDR)D DO L R @ LLOHS B/ DN @ WH\GHE
WUDMHFWRU\ SUHGLFWLRQV 7R&H FZH\O OREG I RUWIDRG X PHDGVILQ 8 HFW LR Q
FRQVLVWV RI WKHIROORZLQJFRPSRQHQWV

+Psm LV WKH SUREDELOLW\ WKDW D VSHFLILF VKLS DOOLGHV ZLWK D ZL<
HQYLURQPHQWDO FRQGLWLRQV EDVHG RQDQ DQDO\VLV RI LWV WUDMH

fPev LV WKH SUREDELOLW\ WKDW FHUWDLQ HQYLURQPHQWDO FRQGLWLR

F%RWK FRPELQHGii{UHWKGWUREDELOLW\ WKDW D GULIWLQJ VKLS DOOL
FHUWDLQ VWDUWLQJ ORFDWLRQ FRQVLGHULQJDOO SRVVLEOHHQYLUI

7TKHWKLUGDQG ODVW FRPSRQHQW RI WKH SUREDELOLW\RIDOOLVLRQ W
VHOI LQLWLDWHG PHDVXUHV RUH[WHUQDO LQWHUYHQWLRQV LV QHJOHF
DOOLVLRQLVLQ WKLV VWXG\ HV WR:RD W QGE\ VOKH BRXSYRQUHDWHG LQ )LIXUH



JLIXUH &RPSRQHQWYV RI PHW KR BylsBU EQ OVHXYDMWDLQEN

7KH HVYWDEOLVKHGPHMMKRIGOREH LQWURGXFHG LQ 6HFWLRQ LV DSSOL
DFURVV PXOWLSOH DUHDV HDFK FRUUHVSRQGLQJWR WKH VWDUW RI D VKL
VWDUWLQJ ORFDWDRR®HWEKBO WKHQ EH PXOWLSOLHG E\WKH DUHDYTV FRUUHV
UHSUHVHQWLQJ WKH SUREDELOLW\RISUHVHQFH RIDQDGULIW VKLS 7KXV
Paison LV GHILQHG DV WKH SUREDELOLW\WKDW DQ DOOLVLRQ RFEXUV JLYHQ
WR UHLW H U D Wil KYCD/O WKW VHSUHVHQW UHODWLYH SUREDELOLW\ OHYHO
UDWHV 7KH\GR QRW WDNH LQWR DFFRXQW WKH SUREDELOLW\RIHQJLQH I
HLWKHU VHOI LQLWLDWHG PHDVXUHV RUH[WHUQDO DVVLVWDQFH 7KHVHF
RI WKH SUREDELOLW\ RI DQ DOOLVLRQ DURXQG D ZLQG IDUP DQG LQGLFD
SUREDELOLW\RIDQDOOLVLRQLV KLIJKHVW FRPSDUHG WR RWKHU ORFDWL|

SHIHUULQJEDFN WR WKHLGHQWLILHG NQRZOHGJH JDSVLQ 6HFWLRQ \
HQDEOHV XVWR PDNH VXEVWDQWLDWHG DVVXPSWLRQV IRUFDOFXODWLQJ\
ZHDLP WR LPSURYHRXU XQGHUVWDQGLQJ RIWKHLQWHJUDO LPDJH RI GULI
6HD DQG RIIHU D ZD\RI JHQHUDWLQJ LQVLIJKWY YDOXDEOH IRURSWLPLVLQJ
ZH GLVFXVV H[LVWLQJ VKLS GULIWWUDMHFWRU\ SUHGLFWLRQ PRGHOV DQG
ZH H[DPLQH D VKLSTV WUDMHFWRU\YV VHQVLWLYLW\ WR HQYLURQPHQWL
FKDOOHQJHV LQ DFFXUDWHO\FDOFXODWLQJD VKLSYVGULIWWUDMHFWRU
WKHVH HIITHFWV FDQ EH YDOLGDWHG XVLQJ D UHDO ZRUOG FDVH WR DVVF
VWUHQIJWKHQ WKHFRQFHSW RI XVLQJ LW WR FDOFXODWH WKH GULIW SURE|
SHUIRUPDQFH DQDO\VLVY DLP WR HVWDEOLVK D YDOLGDQ UHOLDEOH DSSUR
GHWHUPLQH ZKDW SDUDPHWHUYV DRjH QWIKH $VREDW RGID/O\FXICCDOMH. VLR Q FRLU
VLQJOH WUDMHFWRU\ SUHGLFWLRQ

BHFWLRQ LQWURGXFHV DVFHQDULR EDVHG PHW KRG PRWLIBD QBXQDWL Q/J V
VLPXODWLRQV )LUVW WKH SUREDELOLW\WKDW DQDGULIW VKLS ZLOO DOOL
HQYLURQPHQW®/ROBERVABVWQ DQ DQDO\VLV RI LWV VLPXODWHG WUDMHFW
1H[W LW LV GLVFXVVHG KRZWR DFFRXQW IRUWKH YDULHW\ RI HQYLURQH
FDQ EH VXEMHFWHG DQG WKHLU PR E DERVOK D VE HRRAXDRMQWR JHWKHU LQ |
ZKHUH LW LV H[F@#® LIOHGHVREUPLQHG IRUD VLQJOH ORFDWLRQ XVLQJ 2SH
VHYHUDO GHFLVLRQV UH JD UR3k Q JRAWKWMKALD/OVWWY B B WZLLFO®REIH GLVFXVVHG ,W L
WKDW WKH HQYLURQPHQWDO FRQGLWLRQV XVHG WR VLPXODWH GULIW WUDI
RIHQYLURQPHQWDO FRQ G R L RQRZIHRYUHRD VKX VYDMKRED G EH GRQH LQ D ZD\
OHDG WR H[FHVVLYH FRPSXWDWLRQ WLPH Py@VXHPQ®LQYKHHDAM ER &8 WRR) FH] 6B
WR PXOWLSOH ZLQG IDUPV
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6EXMSREPIERHQSHIP WIPIGXMSR JSV XVENIGXSV

7TR VXEVWDQWLDWH WKH SURSRVLWLRQ RI LOQWHJUDWLQJ WUDMHFWRU\
UHVHDUFK SURMHFWV WKDW LQFRUSRUDWH WUDMHFWRU\ EDVHG SUREDE
H[SORUH WKHDYDLODEOH GULIWWUDMHFWRU\PRGHOV IRU ODUJH VKLSV 1
FDOFRPQDMHWKLY VWXG\ 7KLV PRGHO LV H[SORUHG LQ GHWDLO

'VSWW MRHYWXV]VIJIVIRGI SIXVENIGXSV] FEWIHTVSFEFNM
7KHSUREDELOLWA\RIDGULIWLQJVKLSDOOLVLRQFDQEHHVWLPDWHG TXLWH
WKH XQFHUWDLQW\LQ SDUDPHWHUY VXFKDVHQYLURQPHQWDO FRQGLWL|
UHODWLYHWR WKHHQYLURQPHQWDO IRUFHY FDOFXODWLQJLWV H[DFW WU
RI WKHVH XQFHUWDLQ SDUDPHWHUV XVLQJD WHFKQLTXHVLPLODUWRDO
LOWR WKH SRVVLEOH ILQDO SRVLWLRQV RIDVKLSDIWHUD FHUWDLQ GXUD

7TKHUHOHYDQFH RI WKLV PHWKRG IRUFDOFXODWLQJFROOLVLRQ SUREDELO
LOQGXVWULHY ZLWK WZR QRWDEOH H[DPSOHV LWV XVHLQ WUDMHFWRU\ SUE
+|UWHERUQ 5LQJVEHUJ DQGDLUWUDIILFFRQWURO &ULVRVWRPL H\

7TKHILUVW VWXG\GHYHORSVY D PHWKRGRORJ\IRU XVLQJ $,6 GDWD DQG D VK
DQG DQDO\WH FROOLVLRQ ULVNV 7KH VWXG\FRYHUV WKUHH HYHQWYV WK
GULIWLQJ VKLS DVKDUSWXUQLQJVKLSDQG PLVVLQIJWKHWXUQLQJSRLQW
WR SHUIRUP ORQWH &DUOR VLPXODWLRQV IRUWKHVH WKUHH HYHQWY DUR

,Q WKH VHFRQG VWXG\ WKHDLPLVYWRFDOFXODWHDQG XSGDWH SRWHQW
SRVLWLRQ DQG VWDWXV RI WKHDLUFUDIW LQWHQWLRQLQIRUPDWLRQ Z
SRWHQWLDO WUDMHFWRULHY FUHDWH DQ HPSLULFDO GLVWULEXWLRQ X"
SUREDELOLW\RIFRQIOLFWDQG H[SHFWHG DUULYDO WLPH

$V QRWHG E\ u$Q LQWURGXFWLRQ WR ORQWH &DUOR VLPXODWLRQVY E\ +DU
RIORQWH &DUOR PHWKRGV PDQ\VLPXODWLRQV WHQG WR IROORZ D VLPLO

*HQHUDWH LQLWLDO VWDWHY RULQSXWV WKH XQNQRZQV UDQGRPO\RL
GHQVLW\IXQFWLRQV

SHUIRUP FRPSXWDWLRQV EDVHG RQ WKHVH LQLWLDO VWDWHYV RU LQSX
&ROOHFWDQGDQDO\WH WKH UHVXOWV IURP HDFK FRPSXWDWLRQ WR G|

7TKHUHVHDUFKRQ VKLS FROOLVLRQVZLWK WKH*UHDW %HOW %ULGJH VXJJH'
LVDYLDEOHPHWKRG IRUFDOFXODWLQJWKH SUREDELOLW\RIGULIWLQJ
IXUWKHU RQ VXFK D VLPXODWRU PD\EHWRR VKLS VSHFLILFWR FRPSXWH S
UHJLRQ 7KLV LVEHFDXVH DVWKHDUHD FRQVLGHUHG LQFUHDVHYV PRUHY
VKLSSLQJDFWLYLW\ DQG RIIVKRUHLQIUDVWUXFWXUH QHHG WR EH WDNHQ
FDOFXODWLQJ WUDMHFWRULHY DQG FRQVHTXHQWO\ DOOLVLRQ SUREDEL
ZHZLOO H[SORUH WKH PRGHOV DYDLODEOH IRUGHVFULELQJ GULIW PRWLR

JZ\MWXMRK HVMIX XVENIGXSV] QSHIPW

5HVHDUFK RQ REMHFW GULIW SOD\VDQ LPSRUWDQW UROHLQLPSURYLQJ PI
DQG WKHHIITHFWLYHQHVV RIUHVFXHPLVVLRQY ,Q WKHILHOG RI PDULWLF
REMHFWY VXFK DV ORVW FRQWDLQHUV HQVXUHV VDIHU QDYLJDWLRQ )R
WKHPRYHPHQW RIRLO VSLOOV KHOSV WR UHVSRQG HIILFLHQWO\ ,Q DGG
UHVFXH RSHUDWLRQV KHOSV GHWHUPLQHDQ DFFXUDWH VHDUFK DUHD IR
SUHGLFWLQJ WKH WUDMHFWRU\RIREMHFWYVY WKHUH DUH WZR SULPDU\ DSS
DSSURDFK

5HJDUGLQJ WKH SK\VLFV EDVHG DSSURDFK WKHUH DUH WZR PHWKRGV WR"
DQG (XOHULDQ /DJUDQJLDQ VLPXODWLRQ XVHV WKH IORDWLQJREMHFWYV D!
WKH YROXPH WKURXJK ZKLFK WKH GULIW SDVVHV DV UHIHUHQFH 7KH /DJI
ODUJH QXPEHU RI SDUWLFOHV WR UHVXOW LQ D PHDQLQJIXO VLPXODWLRQ
ZKLFKLQWHJUDWHYV WKH VWRFKDVWLF QDWXUH RI GULIW 7KLV /DJUDQJL|
REMHFW LV LQWHJUDWHG LQWR VHYHUDO WUDGLWLRQDO QXPHULFDO PHW

XVHG /DJUDQJLDQ PRGHOV WR VWXG\WKH SUHGLFWLRQDFFXUDF\RIIRL
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LQ WKH 6RXWK &KLQD 6HD DQG < &KHQ HW DO XVHG D /DJUDQJLDQ |
DQDO\VLV RI IORDWLQJ REMHFWYV DW VHD

7TKHGDWD GULYHQ DSSURDFK SUHVHQWYV D SURPLVLQJDOWHUQDWLYH WR W
WKURXIJKWKHGHYHORSPHQW RILQQRYDWLYH QHXUDO QHWZRUN PRGHOV
QHWZRUN PRGHOV DUH GLVWLQJXLVKHG E\ WKHLU SRWHQWLDO IRU JUHEC
SUHGLFWLRQ DFFXUDF\ LPSURYHG FRPSXWDWLRQDO HIILFLHQF\ DQG D PR
EHQHILWY QHFHVVLWDWHY WUDLQLQJ WKHPRGHOV RQ VXIILFLHQWO\OD!
LQFOXGH GDWD IURP EXR\VRURWKHU REMHFWY WUDFNHG LQ WKH RFHDQ
PRGHOV PDNH WKHP YHU\LQWHUHVWLQJIRUUHVHDUFKLQWR WKH SUHGLF

JRUWKLV VWXG\ ZHRQO\FRQVLGHU UHODWLYHO\ODUJH VKLSV ZKLFKDUH\
ZLQG IDUPVDQGDUHDVVXPHG WR UHVXOW LQ PRUHVLJQLILFDQW GDPDJH
WKHP SDUWLFXODUO\UHOHYDQW IRUVWXG\LQJDOOLVLRQ SUREDELOLWLH)
WKH GULIW RI ODUJH VKLSV LV DSSURDFKHG ZLWK D PRUH DQDO\WLFDO F
RI'ZLQG DQG ZDYH LQGXFHG IRUFHV 7KLV PHWKRGRORJ\ ZKLFK GLUHFV
VKLS LVVLPSOHU WKDQ WKHRQH XVHG IRUPRGHOOLQJREMHFW GULIW OR
IRUPXODV WR DFFRXQW IRU OHHZD\ $/DJUDQJLDQ PRGHOOLQJWHFKQLTXH
FRQVLGHUHG DIHDVLEOH RSWLRQ IRUPRGHOOLQJ WKH GULIW RIODUJH V
QHWZRUN PRGHOV DUHDV \HW OHVV VXLWDEOH IRUPRGHOOLQJ WKH GULIW |
DODUJHDPRXQWRIGDWD RQUHDO VKLS GULIWFDVHV ZKLFKLVHVVHQWLD(
OLPLWDWLRQLVDOVRHYLGHQFHG E\WKHODFNRIPHQWLRQLQ WKH OLWF
WKH GULIW RI ODUJH VKLSV

,QDGGLWLRQWRDQDQDO\WLFDO /DJUDQJLDQ DSSURDFK VLPXODWRUV UH
GULIWPRWLRQDQG SRVVLEOH WUDMHFWRULHVY RIODUJH VKLSV 7KHVHPD
EHKDYLRXU RI VKLSV ZLWKLQ KDUERXUV DQG IDLUZD\V DOORZLQJIRU W!
EHUWKLQJ XQGHU DXWRSLORW JXLGDQFH %\VHWWLQJ WKH VKLSTV VWDW X
EHKDYLRXURID GULIWLQJ VKLS +RZHYHU WKLV PHWKRG UHTXLUHYV GHWD
OHVV SUDFWLFDO IRUFDOFXODWLQJ QXPHURXV WUDMHFWRULHV

(VMIX XVENIGXSV] QSHIP WIPIGXMSR
7KHSUHYLRXV VHFWLRQLQWURGXFHGWZR W\SHVRIPRGHOV VXLWDEOHIRU
/DJUDQJLDQ PRGHOV DQG VLPXODWRUYVY 7KLV VWXG\HYDOXDWHY WKH EI
PHWKRG IRUFDOFXODWLQJ WKH SUREDELOLW\RIGULIWLQJ VKLS DOOLVI
LPSURYHPHQWV IRU SUREDELOLW\DQDO\VLVDQG DVVHVV LWV DSSOLFDE
7TKHUHIRUH WKHJRDOLV QRWWRDFKLHYHDEVROXWH SUHFLVLRQ EXW WR S
SUREDELOLW\DQDO\VLVY WKDQ WUDGLWLRQDO PHWKRGVY DOORZ DV GLVEFX'
RIWHQ WRR VSHFLILFWRLQGLYLGXDO VKLSV WKLV VWXG\ZLOO XWLOLVH

$ PRGHO WKDW VWDQGY RXW SDUWLFXODUO\GXH WR D FRXUVH DW 78 "H:
2SHQ'ULIW 'DIJHVWDGHWDO 7TKLVSDFNDJHLQFOXGHV DVSHFLILFPRG
WKH GULIWWUDMHFWRU\RI ODUJH VKLSV *LYHQ LWV VLPSOLFLW\DQG WK
SDFNDJH KDV EHHQ FKRVHQ DV WKHIRXQGDWLRQIRUGHYHORSLQJD PHWKR(

+RZHYHU LI WKHILQGLQJY SURYH YDOXDEOHLQ VKDSLQJWKHRYHUDOO UL
RIULVN PLWLJDWLRQ PHDVXUHV LW PD\EHUHDVRQDEOH WR FRQVLGHU W
QHWZRUN PRGHOV VSHFLILFDOO\IRU VLPXODWLQJWKH GULIW RIODUJH VK

-RWMKLXW MRXS 3TIR(VMJX
2SHQ'ULIW GHYHORSHG E\WKHOHWHRURORJLFDO ,QVWLWXWHRI1RUZD\LV
IRU/DJUDQJLDQ SDUWLFOH PRGHOOLQJZLWK PXOWLSOH DSSOLFDWLRQV
$RLOVSLOOV 2SHQ2LO
fRFHDQLF FLUFXODWLRQV 2FHDQ'ULIW
$GULIW IRUVHDUFK DQG UHVFXH RSHUDWLRQV /HHZD\
$GULIWRIODUJH VKLSV B6KLS'ULIW

DPRQJRWKHUV 6KLS'ULIWLY GHVLIQHG WR HVWLPDWH WKH GULIW WUD N
PRGHO UHTXLUHV DV LQSXW VSDWLDODQG WHPSRUDO GDWDVHWYV RI WKH?
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$fZLQG VSHHG DORQJWKH KRULIRQWDO DQG YHUWLFDO D[HV UHIOHFWL(

$+VHD ZDWHU YHORFLW\DORQJ WKH KRUL]JRQWDO DQG YHUWLFDO D[HV
FXUUHQW

$+VWRNHV GULIW YHORFLW\DORQJWKH KRULJRQWDO DQG YHUWLEDO D[H
$VLIJQLILFDQW ZDYH KHLJKW DQG

+tPHDQ SHULRG IURP YDULDQFH VSHFWUDO GHQVLW\TV VHFRQG IUHTXHQ
DYHUDJH WLPH EHWZHHQ ZDYHV LQD ZDYH VSHFWUXP

JXUWKHUPRUH LW UHTXLUHY SDUDPHWHUYVY GHVFULELQJ WKH JHRPHWU\ D(

SDUDPHWHU 8QLWY 5DQJH 'HVFULSWLRQ

2ZULHQWDWLRQ 13 2ULHQWHG OHIW RUULJKW RI WKH G
/HQJIWK P /IHQIJWK RI WKH VKLS

+HLIJKW P 7TRWDO KHLJKW RI WKH VKLS

'"UDXJKW P '"HSWK EHORZ ZDWHU

%HDP P 'LGWK RI WKH VKLS

-LEH 3UREDELOLW\ K 1% SUREDELOLW\RIMLELQJ FKDQJLQ

7TDEOH ,QSXW SDUDPHWHUV IRUWKH 6KLS'ULIWPRGHO

8VLQIJWKLVLQIRUPDWLRQ WKHPRGHOFDQFDOFXODWHWKHIRUFHVDFWLQ.
DORQJ ZLWK JHRPHWU\ VSHFLILFZLQGDQG ZDWHU GUDJ FRHIILFLHQWYV 71
FDOLEUDWHG WKURXJK HPSLULFDO PHWKRGV LQ '19 UHSRUWY 6ijUJnUG DQ
SXEOLFO\DYDLODEOH

TKHHQYLURQPHQWDO IRUFHVY WKDW FDXVH D VKLSYV GULIWGHSHQG RQE
WKH\DUH LQIOXHQFHG E\WKH VWDUW WLPHDQG ORFDWLRQ RI WKH VLPXC
PRGHO XVHV DQ DQDO\WLFDO PHWKRGRORJ\ WKDW GHWHUPLQLVWLFDOC
LOQFOXGHV D EXLOW LQ KRUL]JRQWDO GLIIXVLRQ FRPSRQHQW WR DGGUHYV
UDQGRP PRYHPHQWY QRW FDSWXUHG E\ WKH PRGHO E\ FDOFXODWLQJ UD
GLIIXVLRQ FRHIILFLHQW 7KHVH WUDYHOOHG GLVWDQFHV DUH WKHQ DGGHG
DODO\WLFDO PHWKRG 7KLV IHDWXUH DORQJZLWK WKH MLELQJSUREDELO
WR WKHZLQG FRQWULEXWHY WR WKH YDULDELOLW\ALQILQDO ORFDWLRQ
VLPXODWLRQRID VXIILFLHQW QXPEHU RI WUDMHFWRULHY )RUIXUWKHU LQ
LQWKHVLPXODWLRQ DFURVV GLITHUHQW HQYLURQPHQWDO FRQGLWLRQV |

7RDFFRPPRGDWH WKH PRGHOTV GHSHQGHQF\RQ WKHVH IDFWRUV WKH IR
$/RQJLWXGH
$/DWLWXGH
$6WDUWLQJ WLPH
$7LPH VWHS
$'XUDWLRQ
$1XPEHU RI WUDMHFWRULHYV

'LWKDOO WKLV LQIRUPDWLRQ WKHPRGHO LY FDSDEOHRIFDOFXODWLQJ W
WR WKH PHWKRG GHVFULEHG E\+DFNHWW HW DO

Varitt = Veurrent + Vrel

7KHPRGHODVVXPHY WKH VKLS PRYHV ZLWK WKH FXUUHQW GLVSODFLQJ Wt
GHILQHG FXUUHQW LQ WLPH DQG VSDWNH O\ &KW LWVRXEDRI OW K HW RFUDFOHRAX GHEQW R 2
ZLQGDQG ZDYHIRUFHV 7KH FDOFXODWLRQ RIWKHZLQGDQG ZDYH IRUFHYV
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B3TIR(VMJIJX XVENIGXSV] TVIHMGXMSRW JSV TVSFEFMPMX] G
1RZWKDW ZH KDYHDQ XQGHUVWDQGLQJRIKRZ2SHQ'ULIW ZRUNV ZHFDQ F
SUREDELOLW\FDOFXODWLRQ ZLWK WKH PHWKR G \Pd#hP DARE X6 WRFEXWHEQ W P
RQWUDMHFWRULHY FDOFXODWHG XVLQJ 2SHQ'ULIW ZH KDYH WKH RSSR
IROORZLQJDVVXPSWLRQV WKDW VWDWH RI WKH DUW PHWKRGV UHO\ RQ

fWKHVKLS PRYHVLQD SXUHO\ODWHUDO GLUHFWLRQ RQH GHJUHH RI IU
FWKHZLQGDQG ZDYHV DFW LQ WKH VDPH GLUHFWLRQ
FWKH ZLQG GLUHFWLRQDQG ZLQG VSHHG DUH NHSW FRQVWDQW DQG

$tWKHFXUUHQW LV DFFRXQWHG IRUDVDQ HVYWLPDWHG VSHHG LQ WKH C
GLUHFWLRQ

2SHQ'ULIW FDOFXODWHV D VKLSYVWUDMHFWRU\E\FRPSXWLQJ WKH UHVX
VWHS DV LOOXVWUDWHG LQ )LIXUH 7TKHUHLV QR QHHG WR NHHS DQ\ IR/
FDQ EHGHFRXSOHG DQG WKHFXUUHQW FDQ EHDFFRXQWHG IRUWKURXJ|
GRHVY QRW PRYHLQ D SXUHO\ODWHUDO GLUHFWLRQ

,WLVLPSRUWDQW WR QRWH WKDW WKH 6KLS'ULIWPRGHO LY FDOLEUDWH
UHSRUWYV ZKLFKDUHQRWSXEOLFO\DYDLODEOH 7KHFDOLEUDWLRQVSHFL
FRUUHVSRQG WR WKH VKLSTV VL]H 7KHUHIRUH RSWLPLVLQJWKHDQDO\WLI
WKH IRFXV RI WKLV VWXG\LVWRHYDOXDWH WKHFRQWULEXWLRQRILQWHJU
FXUUHQW UHVHDUFK RQ WKH ULVN RIGULIWLQJVKLS FROOLVLRQV LQ WK
XQPRGLILHG $V ZH OHDYH WKH PRGHO XQPRGLILHG DQG PRUHLPSRUWDQ!
DOOLVLRQ SUREDELOLW\ FDOFXODWLRQV ZH QHHG WR XQGHUVWDQG WZ
VKLSTVWUDMHFWRU\DQG WR ZKDW HIWHQW DQG KRZZHOO GRHV 2SHQ'UL
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7TIRWMXMZMX]SIEWLMT WHVMIXXVENIGXSV] XS

ERHWLMT KISQIXV]

1RZ WKDW 2SHQ'ULIW KDV EHHQ FKRVHQ IRUDOOLVLRQ SUREDELOLW\FDO
D VKLSYV GULIW WUDMHFWRU\ LV FUXFLDO 7KHUHIRUH WKH FKDOOHQJF
GULIW WUDMHFWRU\ DUH H[SORUHG 7KH LQIOXHQFH RI HQYLURQPHQWD
VKLSTV WUDMHEWRU\ &k FKV Q OVXWHNVYHBEWR/LY DQDO\VLY ZLOO GHPRQVW
DFFRXQWLQJIRU DOO SRR, LEAGBD RXGHARRHWRIH YDULHW\ RI SRVVLEOH HQY
DQG VKLS W\SHV OXOWLSOH VLPXODWLRQV KDYHEHHQ FRQGXFWHG IRU W
HDFKLQIOXHQFHG E\GLIIHUHQW HQYLURQPHQWDO FRQGLWLRQV2FRPELQDW
DQDO\WH WKHLULQGLYLGXDO DQG FRPELQHG LPSDFWV RQ D GULIWLQJ VKL

7IPIGXMRK3TIR(VMIX WIXXMRKW JSV GSQTEVEXMZI XVENIC
$V 2SHQ'ULIW PRGHOV D VKLSYV ZLQG H[SRVHG VXUIDFHDV DVTXDUH GHW
ZDWHUOLQH OHQJWK DQG RULHQWDWLRQ WKHVLPXODWLRQV KDYH EHH(
WASHV WKHILUVW FRUUHVSRQGY WR WKH VL]H RIHDUO\ FRQWDLQHU VKLSV

WR WKH VL]HRID 3RVW 3DQDPD[, 5RGULJXH 7TKHVHFRQG DQG WKLU

DQDO\WH WKHLQIOXHQFH RI WKHH[SRVHG DUHD WR WKH ZLQG IRUD VLPLOCL

LQ 7TDEOH $O00 VLPXODWLRQVDUH FRQGXFWHG IRUWKHVDPH VHWWLQJ
6KLS VL]H 6HWWLQJ 9DOXH

*HRPHWU\ OHGLXP /DUJH /DUJH 6WDUWLQJ ORFDWLRQ ORQ ODW f

/HQIJWK >P @ 6WDUWLQJ 7LPH

%HDP >P@ 7LPH 6WHS KRXU

'"UDXJKW >P@ 'XUDWLRQ KRXUV

+HLIJKW >P@ 1XPEHU RI 7UDMHFWRULHYV

7TDEOH *HRPHWU\RIDQDO\WHG VKLSY 7DEOH 6KLS'ULIW VHWWLQJV

JRUDOO WKUHH VKLS W\SHVY VLPXODWLRQVDUH SHUIRUPHGIRUHQYLURQPH
DQG LQWHQVLW\IRUD GULIWGXUDWLRQ RIHLIJKW KRXUV

t1$Q HDVWZDUG ZLQG IRUFH IRUWKUHH GLITHUHQW ZLQG VSHHGYV

t$QHDVWZDUG ZDYH IRUFH IRUWKUHH GLITHUHQW ZDYH FRQGLWLRQV
T$ FRPELQDWLRQ RIHDVWZDUG ZLQG DQG ZDYH IRUFHV IRUWKUHH GLII
It$ FRPELQDWLRQRIPLVDOLIJQHG ZLQG DQG ZDYHIRUFHV IRUWKUHH GL
IS FRPELQDWLRQRIDZLQG ZDYH DQG D WA\SLFDO F\FOLFDO FXUUHQW I
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6IWYPXWSIWIRWMXMZMX] EREP]WMW
7KH VLPXODWLRQV IRUHDFKVHW RIHQYLURQPHQWDO FRQGLWLRQV ZLOO
VL]HG VKLS ZKLFK ZLOO GLVSOD\ LWV DYHUDJH WUDYHOOHG GLVWDQFH D
ZLOO GHWDLO WKH WUDYBQRWH E GWRPWDRWOBHG DOWLFORFNZLVH IURP HDVYV
W\SH IRUHDFK VSHFLILHG HQYLURQPHQW $GGLWLRQDOO\ WR DQDO\VH Wt
PDGH EHWZHHQ WKH VKLSYfVDFWXDO WUDYHOOHG GLVWHQFHDQG LWV VW!

'SRWXERX[MRHJSVGMRK

JRUVROHO\ZLQG IRUFLQJ VLPXODWLRQV KDYHEHHQ SHUIRUPHG IRU ZLQC(
WKUHH VKLS W\SHV )LJXUH VKRZV WKHDYHUDJH WUDYHOOHG GLVWDQFH
VKRZV WKH WUDMHFWRULHV RI WKHPHGLXP VKLSIRULQFUHDVLQJZLQG V¢

6KLS W\8H P V x NP

OHGLXP
/IDUJH
/IDUJH

OHGLXP
/IDUJH
/IDUJH

OHGLXP
/IDUJH
/IDUJH

THh Th TTh TR TR Y T

JLIXUH 5HVXOWYV IRUFRQVWDQW Z
IRUFLQJ

JLIXUH 7ZUDMHFWRULHV RI PHGLXP VKLS IRUFRQVWDQW
ZLQG IRUFLQJ

7TKHUHVXOWY VKRZ WKDW D VKLS GLVSODFHV IXUWKHU LQ D QRQ OLQHDU F
ORJLFDO DV DFFRUGLQJWR (TXDWLRQ % WKHZLQG IRUFHGHSHQGV RQ WK
IXUWKHU LQGLFDWH WKDW WKH PHGLXP VL]HG VKLS GLVSODFHV PRUH WK
KHLIKW DERYH WKH ZDWHUOLQH WKHPHGLXP VL]HG VKLSLVY VPDOOHU RY
WR WKHZLQG 1HYHUWKHOHVYV LW H[KLELWYVY DORQJHU WUDMHFWRU\ 7K
ODUJHU UDWLR RI WKH DUHD H[SRVHG WR WKH ZLQG WR WKH ZHWWHG DU}
WRWDO DUHD H[SRVHG WR WKH ZLQG LV VPDOOHU WKLV IDYRXUDEOH UDW
HQDEOLQJ WKH VKLS WR WUDYHO IXUWKHU

7KH GLUHFWLRQLVRQDYHUDJH SXUHO\HDVWZDUG DV LQGLFDWHG E\ WKH V
LVGXHWRWKHGLIIXVLRQ FRHIILFLHQWDQG WKH MLELQJ SUREDELOLW\ D
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