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Abstract: This study presents a comprehensive risk analysis of 
ground-anchor-reinforced slopes using a Mamdani-type fuzzy 
inference system implemented in MATLAB. The objective is to 
effectively capture the inherent uncertainties and nonlinear 
behaviors associated with soil properties, anchor configurations, 
and slope geometry parameters that traditional deterministic 
methods often fail to represent adequately. A systematic 
literature review of over 60 peer-reviewed papers was conducted, 
focusing on slope stabilization techniques in sandy-clayey soils. 
From this, a database of 150 stabilization scenarios was 
compiled, covering a wide range of geotechnical conditions and 
reinforcement schemes. Key parameters such as slope angle, 
internal friction angle, cohesion, anchor length and position, and 
initial factor of safety were extracted and normalized for use in 
the fuzzy model. The Mamdani fuzzy system was designed with 
multiple inputs and a single output (risk level), integrating expert 
knowledge with data-driven insights derived from the compiled 
database. The fuzzy rules were developed through iterative 
calibration and validated using sensitivity analysis and cross- 
validation techniques. The model was implemented and tested in 
MATLAB. Results demonstrate that the fuzzy-based approach 
can effectively identify high-risk zones and provide a more 
nuanced understanding of slope behavior under reinforced 
conditions. Compared to conventional analysis methods, the 
proposed system offers improved interpretability and 
adaptability, making it a valuable decision-support tool during 
preliminary design and optimization phases. The model’s 
predictions showed strong agreement with documented outcomes 
from field case studies, confirming its reliability and practical 
relevance. 
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I. INTRODUCTION 

Natural and man-made earth slopes are integral components 
of the terrestrial landscape and play a significant role in 

both environmental systems and civil infrastructure (Griffiths et

al., 2009). These slopes are commonly found in hillsides, road 
cuts, embankments, and excavation sites (Cousins, 1978). 
Depending on their origin, they can exhibit varying geometric 
and geomechanical characteristics that influence their stability 
over time. The behavior of an earth slope is governed by the 
interaction between gravitational forces, soil properties, 
groundwater conditions, and external loads. When the driving 
forces acting on a slope exceed the resisting forces, slope failure 
can occur. This phenomenon poses serious threats to life, 
infrastructure, and the environment, particularly in regions with 
complex geological settings or intense land development (Huang, 
2012). 

Various types of slope failures have been documented, 
including rotational slips, translational slides, and flow-like 
movements (Azadi et al., 2022). The failure mode is typically 
dictated by subsurface stratigraphy, moisture content, slope 
geometry, and loading conditions. Understanding the 
mechanisms behind these failures is critical for designing safe 
and cost-effective engineering solutions. From a geotechnical 
perspective, the assessment of slope stability involves evaluating 
the factor of safety (FoS), which represents the ratio of resisting 
forces to driving forces along a potential failure surface. 
Traditional methods such as limit equilibrium analysis, finite 
element modeling, and probabilistic assessments are used to 
estimate this ratio under different scenarios (Azarafza et al., 
2021). 

One of the key challenges in slope analysis lies in the 
inherent variability and uncertainty of soil parameters. Soil is a 
heterogeneous and anisotropic material whose properties may 
vary significantly across small distances (Wang et al., 2023). 
This uncertainty complicates the prediction of slope behavior and 
demands robust analytical frameworks that can incorporate such 
variability (Ji et al., 2020). Climate-related factors, such as 
prolonged rainfall, freeze-thaw cycles, and seismic activity, 
further exacerbate slope instability risks. These external 
influences can rapidly change the pore water pressure and shear 
strength of soil, making even seemingly stable slopes prone to 
sudden failure (Stoffel et al. 2024). As a result, slope monitoring



&LYLO�DQG�*HRHQJLQHHULQJ�/HWWHUV��������������H������ �
KWWSV���GRL�RUJ����������&*(/�����H������

DQG� SUHGLFWLYH� PRGHOLQJ� KDYH� EHFRPH� FUXFLDO� FRPSRQHQWV� RI�
PRGHUQ�JHRWHFKQLFDO�ULVN�PDQDJHPHQW��%UDþNR�HW�DO����������

*LYHQ� WKH� ULVNV� DVVRFLDWHG� ZLWK� HDUWK� VORSH� IDLOXUHV�� VORSH�
VWDELOL]DWLRQ� KDV� EHFRPH� D� IXQGDPHQWDO� DVSHFW� RI� JHRWHFKQLFDO�
HQJLQHHULQJ�SUDFWLFH��6KURGHU�HW�DO����������6WDELOL]DWLRQ�DLPV�WR�
HQKDQFH�WKH�)R6�DQG�HQVXUH�WKH�ORQJ�WHUP�SHUIRUPDQFH�RI�VORSHV�
XQGHU� YDU\LQJ� HQYLURQPHQWDO� DQG� ORDGLQJ� FRQGLWLRQV� �3HWOH\��
������� 7KH� FKRLFH� RI� VWDELOL]DWLRQ� PHWKRG� GHSHQGV� RQ� VHYHUDO�
IDFWRUV� LQFOXGLQJ� VRLO� W\SH�� VORSH� JHRPHWU\�� IDLOXUH� PHFKDQLVP��
DQG�HFRQRPLF�FRQVLGHUDWLRQV��6ORSH�VWDELOL]DWLRQ� WHFKQLTXHV�FDQ�
EURDGO\ EH FDWHJRUL]HG LQWR SDVVLYH DQG DFWLYH V\VWHPV�
�1DQHKNDUDQ� HW� DO��� ������� 3DVVLYH�PHWKRGV�� VXFK� DV� WRH� EHUPV��
GUDLQDJH�V\VWHPV��DQG�YHJHWDWLRQ��DLP�WR� LPSURYH�VORSH�VWDELOLW\�
LQGLUHFWO\� E\� PRGLI\LQJ� ERXQGDU\� FRQGLWLRQV� RU� HQKDQFLQJ�
QDWXUDO�UHVLVWDQFH��+XDQJ���������,Q�FRQWUDVW��DFWLYH�VWDELOL]DWLRQ�
WHFKQLTXHV�GLUHFWO\� LQWURGXFH�DGGLWLRQDO� UHVLVWLQJ� IRUFHV� LQWR� WKH�
V\VWHP��RIWHQ�WKURXJK�VWUXFWXUDO�UHLQIRUFHPHQWV�VXFK�DV�UHWDLQLQJ�
ZDOOV��VRLO�QDLOV��DQG�JURXQG�DQFKRUV��-L�HW�DO����������

$PRQJ� DFWLYH� VWDELOL]DWLRQ� V\VWHPV�� JURXQG� DQFKRUV� KDYH�
SURYHQ� WR� EH� SDUWLFXODUO\� HIIHFWLYH� LQ� HQKDQFLQJ� VORSH� VWDELOLW\��
HVSHFLDOO\� LQ� VWHHS� RU� KHDYLO\� ORDGHG� VORSHV� ZKHUH� SDVVLYH�
PHWKRGV�DORQH�DUH�LQVXIILFLHQW��+U\FLZ���������*URXQG�DQFKRUV��
DOVR� NQRZQ� DV� WLHEDFNV� RU� SUHVWUHVVHG� DQFKRUV�� DUH� WHQVLRQ��
UHVLVWLQJ� HOHPHQWV� HPEHGGHG� LQWR� VWDEOH� VWUDWD� EHKLQG� WKH�
SRWHQWLDO� IDLOXUH� VXUIDFH� �6DVLKDUDQ� HW� DO��� ������� 7KHLU� SULPDU\�
IXQFWLRQ� LV� WR� WUDQVIHU� WHQVLOH� IRUFHV� IURP� WKH� XQVWDEOH� PDVV� WR�
GHHSHU�� PRUH� FRPSHWHQW� VRLO� RU� URFN� OD\HUV� �.RHUQHU�� �������
$QFKRUHG� VORSH� V\VWHPV� DUH� GHVLJQHG� EDVHG� RQ� D� WKRURXJK�
XQGHUVWDQGLQJ� RI� WKH� VRLO�VWUXFWXUH� LQWHUDFWLRQ�� ORDG� WUDQVIHU�
PHFKDQLVPV��DQG�IDLOXUH�PRGHV��%ODQFR�)HUQDQGH]�HW�DO����������
)LJXUH���LOOXVWUDWHV�WKH�PHFKDQLVP�RI�DQ�DQFKRUHG�VORSH�V\VWHP��
7KH� HIIHFWLYHQHVV� RI� DQFKRUV� GHSHQGV� RQ� SDUDPHWHUV� VXFK� DV�
OHQJWK�� LQFOLQDWLRQ� DQJOH�� ERQG� OHQJWK�� DQG� WKH� PHFKDQLFDO�
SURSHUWLHV�RI�WKH�JURXW�DQG�VXUURXQGLQJ�VRLO��0DWRV�HW�DO����������
3URSHU� GHVLJQ� HQVXUHV� WKDW� WKH� DQFKRU¶V� FDSDFLW\� H[FHHGV� WKH�
WHQVLOH� GHPDQGV� LPSRVHG� E\� WKH� VORSH� JHRPHWU\� DQG� H[WHUQDO�
ORDGV� �+U\FLZ�� ������� 'HVLJQLQJ� DQFKRU�UHLQIRUFHG� VORSHV� LV� D�
PXOWL�GLVFLSOLQDU\ FKDOOHQJH WKDW LQYROYHV VRLO PHFKDQLFV��
VWUXFWXUDO�DQDO\VLV��DQG�FRQVWUXFWLRQ�IHDVLELOLW\��&DVWUR�)UHVQR�HW�
DO��� ������� 7UDGLWLRQDO� GHVLJQ� DSSURDFKHV� UHO\� RQ� GHWHUPLQLVWLF�
FDOFXODWLRQV� XVLQJ� IL[HG� LQSXW� SDUDPHWHUV� �+H� HW� DO��� �������
KRZHYHU��WKLV�PD\�RYHUORRN�FULWLFDO�XQFHUWDLQWLHV�LQKHUHQW�LQ�VRLO�
EHKDYLRU� �*KLDVVLDQ� HW� DO��� ������� ORDGLQJ� FRQGLWLRQV�� DQG�
LQVWDOODWLRQ�SURFHGXUHV��&KHQ�HW�DO����������7KLV�VKRUWFRPLQJ�KDV�
OHG�WR�WKH�JURZLQJ�LQWHUHVW�LQ�LQFRUSRUDWLQJ�XQFHUWDLQW\�PRGHOLQJ�
DQG� ULVN�EDVHG� PHWKRGV� LQ� VORSH� VWDELOL]DWLRQ� GHVLJQ� �=KDQJ� HW�
DO����������

5HFHQW�VWXGLHV�KDYH�KLJKOLJKWHG�WKH�VLJQLILFDQFH�RI�YDULDELOLW\�
LQ�JHRWHFKQLFDO�SDUDPHWHUV�VXFK�DV�FRKHVLRQ�� IULFWLRQ�DQJOH��DQG�
SRUH� SUHVVXUH�� HVSHFLDOO\� LQ� FRPSRVLWH� VRLOV� OLNH� VDQG\�FOD\H\�
HPEDQNPHQWV� �0LDR� HW� DO��� ������� 7KHVH� VRLOV� H[KLELW� FRPSOH[�
EHKDYLRU� GXH� WR� WKHLU� GXDO�JUDQXODU� DQG� FRKHVLYH� QDWXUH�� RIWHQ�
UHVXOWLQJ� LQ� QRQOLQHDU� DQG� WLPH�GHSHQGHQW� UHVSRQVHV� XQGHU�
ORDGLQJ��:DQJ�	�/LX���������7KH�XVH�RI�JURXQG�DQFKRUV�LQ�VXFK�
VRLOV�UHTXLUHV�FDUHIXO�FRQVLGHUDWLRQ�RI�ERWK�VKRUW�WHUP�DQG� ORQJ��
WHUP�SHUIRUPDQFH�FULWHULD��;XH�HW�DO����������)LHOG�DSSOLFDWLRQV�RI�
DQFKRUHG� VORSHV� KDYH� GHPRQVWUDWHG� FRQVLGHUDEOH� VXFFHVV� LQ�
LQIUDVWUXFWXUH� SURMHFWV� VXFK� DV� KLJKZD\V�� GDPV�� DQG� XUEDQ�
H[FDYDWLRQV �'X HW DO�� ������ +RZHYHU� SRVW�IDLOXUH

LQYHVWLJDWLRQV�KDYH�VKRZQ�WKDW�LQDGHTXDWH�DVVHVVPHQW�RI�JURXQG�
FRQGLWLRQV��LQFRUUHFW�DQFKRU�LQVWDOODWLRQ��RU�RYHUVLPSOLILHG�GHVLJQ�
DVVXPSWLRQV� FDQ� OHDG� WR� V\VWHP� IDLOXUH� GHVSLWH� WKH� SUHVHQFH� RI�
UHLQIRUFHPHQW��=KX�HW�DO����������7KHUHIRUH��LQWHJUDWLQJ�DGYDQFHG�
PRGHOLQJ�WHFKQLTXHV�LQWR�WKH�GHVLJQ�SURFHVV�LV�HVVHQWLDO�WR�EULGJH�
WKH�JDS�EHWZHHQ�WKHRUHWLFDO�GHVLJQ�DQG�ILHOG�SHUIRUPDQFH��:DQJ�
HW�DO����������

7KH�XVH�RI�JURXQG�DQFKRUV�LQ�VORSH�VWDELOL]DWLRQ�KDV�EHFRPH�
LQFUHDVLQJO\ LPSRUWDQW GXH WR WKH JURZLQJ GHPDQG IRU�
LQIUDVWUXFWXUH GHYHORSPHQW LQ WRSRJUDSKLFDOO\ FKDOOHQJLQJ�
UHJLRQV� �.RHUQHU�� ������� $V� ODQG� XVH� LQWHQVLILHV� QHDU� VWHHS�
VORSHV� HVSHFLDOO\ LQ XUEDQ DQG WUDQVSRUWDWLRQ SURMHFWV��
FRQYHQWLRQDO� VWDELOL]DWLRQ� PHWKRGV� RIWHQ� SURYH� LQVXIILFLHQW� WR�
SURYLGH� WKH� UHTXLUHG� VDIHW\� PDUJLQV� �+U\FLZ�� ������� *URXQG�
DQFKRUV� RIIHU� D� SUDFWLFDO� DQG� HIIHFWLYH� VROXWLRQ� IRU� UHLQIRUFLQJ�
VORSHV�ZKHUH�VSDWLDO�FRQVWUDLQWV��VWHHS�JHRPHWU\��RU�GHHS�IDLOXUH�
VXUIDFHV�PDNH�DOWHUQDWLYH�PHWKRGV�OHVV�YLDEOH�RU�PRUH�FRVWO\��&DL�
	�8JDL���������2QH�RI�WKH�SULPDU\�DGYDQWDJHV�RI�JURXQG�DQFKRUV�
LV� WKHLU� DELOLW\� WR� GHOLYHU� KLJK� WHQVLOH� UHVLVWDQFH� ZLWK� PLQLPDO�
GLVWXUEDQFH� WR� WKH�VORSH�PDVV��$QFKRUV�DUH� W\SLFDOO\�LQVWDOOHG�DW�
VSHFLILF�LQFOLQDWLRQV�DQG�GHSWKV�WR�E\SDVV�ZHDN�]RQHV�DQG�HPEHG�
LQWR� VWDEOH� VWUDWD�� HQDEOLQJ� WKHP� WR� GLUHFWO\� FRXQWHUDFW� GULYLQJ�
IRUFHV� �=KHQJ� HW� DO��� ������� 7KLV� PDNHV� WKHP� VXLWDEOH� IRU� ERWK�
WHPSRUDU\�DQG�SHUPDQHQW�VWDELOL]DWLRQ��DQG�SDUWLFXODUO\�XVHIXO�LQ�
UHWURILWWLQJ�H[LVWLQJ�VORSHV�WKDW�H[KLELW�VLJQV�RI�GLVWUHVV��%XGDQLD�
HW�DO����������)XUWKHUPRUH�� WKHLU�PRGXODU�QDWXUH�HQDEOHV� IOH[LEOH�
GHVLJQ�DQG�SKDVHG�FRQVWUXFWLRQ��ZKLFK�LV�DGYDQWDJHRXV�LQ�DFWLYH�
FRQVWUXFWLRQ�]RQHV��$QRWKHU�PDMRU�EHQHILW�LV�WKH�FRPSDWLELOLW\�RI�
DQFKRU�V\VWHPV�ZLWK�RWKHU�VWDELOL]DWLRQ�PHWKRGV��<H�HW�DO����������
$QFKRUV� FDQ� EH� XVHG� LQ� FRQMXQFWLRQ� ZLWK� UHWDLQLQJ� ZDOOV��
VKRWFUHWH�� RU� GUDLQDJH� V\VWHPV� WR� IRUP�FRPSRVLWH� VROXWLRQV� WKDW�
DGGUHVV�ERWK�PHFKDQLFDO� VWDELOLW\�DQG�K\GUDXOLF�FRQWURO��+XDQJ��
�������0RUHRYHU�� WKH� DSSOLFDWLRQ� RI� SUHVWUHVVHG� DQFKRUV� DOORZV�
HQJLQHHUV� WR� DFWLYHO\� FRQWURO� WKH� GLVSODFHPHQW� DQG� VWUHVV�
FRQGLWLRQV� LQ� WKH� VORSH�� LPSURYLQJ� SHUIRUPDQFH� XQGHU� G\QDPLF�
RU�ORQJ�WHUP�ORDGLQJ�FRQGLWLRQV�VXFK�DV�VHLVPLF�DFWLYLW\�RU�ZDWHU�
WDEOH�IOXFWXDWLRQV��&KRL�HW�DO����������

'HVSLWH�WKHLU�DGYDQWDJHV��JURXQG�DQFKRUV�DOVR�SUHVHQW�VHYHUDO�
OLPLWDWLRQV�DQG�ULVNV��7KHLU�GHVLJQ�DQG�LQVWDOODWLRQ�UHTXLUH�FDUHIXO�
JHRWHFKQLFDO� LQYHVWLJDWLRQ�� SDUWLFXODUO\� LQ� KHWHURJHQHRXV� RU�
ZHDWKHUHG�VRLOV�ZKHUH�ERQG�SHUIRUPDQFH�LV�OHVV�SUHGLFWDEOH��/L�HW�
DO�� ������ ,PSURSHU JURXWLQJ� GULOOLQJ PLVDOLJQPHQWV� RU�
LQVXIILFLHQW� DQFKRU� OHQJWK� FDQ� OHDG� WR� SUHPDWXUH� IDLOXUH�� ,Q�
DGGLWLRQ�� WKH� QHHG� IRU� VSHFLDOL]HG� HTXLSPHQW� DQG� VNLOOHG� ODERU�
LQFUHDVHV� WKH� RYHUDOO� SURMHFW� FRVW� DQG� GXUDWLRQ�� HVSHFLDOO\� LQ�
UHPRWH� RU� GLIILFXOW�WR�DFFHVV� DUHDV� �+U\FLZ� 	� ,UV\DP�� �������
/RQJ�WHUP�PDLQWHQDQFH� DQG�PRQLWRULQJ� RI� DQFKRUHG� VORSHV� DUH�
DQRWKHU� FRQFHUQ�� HVSHFLDOO\� IRU� SHUPDQHQW� V\VWHPV�� &UHHS��
FRUURVLRQ�RI�VWHHO�WHQGRQV��RU�GHJUDGDWLRQ�RI�JURXW�PDWHULDOV�FDQ�
UHGXFH DQFKRU FDSDFLW\ RYHU WLPH� QHFHVVLWDWLQJ SHULRGLF�
LQVSHFWLRQV� DQG� SRWHQWLDO� UHSODFHPHQW� �+REVW� 	� =DMtF�� �������
(QYLURQPHQWDO FRQVLGHUDWLRQV� VXFK DV JURXQGZDWHU�
FRQWDPLQDWLRQ� IURP�JURXWLQJ�PDWHULDOV�RU�GLVWXUEDQFH� WR�QDWXUDO�
GUDLQDJH�SDWKV��PXVW�DOVR�EH�DGGUHVVHG��+XDQJ���������7KHUHIRUH��
ZKLOH�DQFKRUV�RIIHU�D�KLJK�SHUIRUPDQFH�VWDELOL]DWLRQ�RSWLRQ��WKHLU�
XVH� VKRXOG� EH� EDVHG� RQ� D� FRPSUHKHQVLYH� XQGHUVWDQGLQJ� RI� VLWH�
FRQGLWLRQV��PDWHULDO�EHKDYLRU��DQG�OLIHF\FOH�SHUIRUPDQFH�
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Fig. 1�$�VFKHPDWLFV�RI�JURXQG�DQFKRU�VWDELOL]DWLRQ�V\VWHP��0DWRV�HW�DO��������

*LYHQ� WKH� FRPSOH[LW\� DQG� XQFHUWDLQW\� DVVRFLDWHG�ZLWK� VORSH�
EHKDYLRU�� SDUWLFXODUO\� LQ� UHLQIRUFHG� V\VWHPV� VXFK� DV� DQFKRUHG�
VORSHV��FRQYHQWLRQDO�GHWHUPLQLVWLF�DSSURDFKHV�RIWHQ� IDOO�VKRUW� LQ�
FDSWXULQJ� WKH� IXOO� UDQJH� RI� LQIOXHQFLQJ� IDFWRUV� �/L� HW� DO��� �������
6RLO�KHWHURJHQHLW\��YDULDELOLW\�LQ�PDWHULDO�SDUDPHWHUV��LQVWDOODWLRQ�
LQDFFXUDFLHV� DQG G\QDPLF HQYLURQPHQWDO ORDGV LQWURGXFH�
VLJQLILFDQW� XQFHUWDLQW\� LQWR� WKH� DQDO\VLV� �&KHQ� HW� DO��� ������� ,Q�
WKLV� FRQWH[W�� IX]]\� ORJLF� SURYLGHV� D� SRZHUIXO� DOWHUQDWLYH�
IUDPHZRUN�IRU�ULVN�DVVHVVPHQW�DQG�GHFLVLRQ�PDNLQJ��1DQHKNDUDQ�
HW� DO��� ������� 8QOLNH� FODVVLFDO� PRGHOV� WKDW� UHO\� RQ� SUHFLVH�
QXPHULFDO� LQSXWV�� IX]]\� V\VWHPV� FDQ� LQFRUSRUDWH� LPSUHFLVH��
TXDOLWDWLYH�� RU� OLQJXLVWLF� LQIRUPDWLRQ�� PDNLQJ� WKHP� ZHOO�VXLWHG�
IRU� FRPSOH[� JHRWHFKQLFDO� V\VWHPV� ZKHUH� GDWD� XQFHUWDLQW\� LV�
LQHYLWDEOH� �6DUVKDU� 	� 'HUDNKVKDQL�� ������� 7KLV� VWXG\� DLPV� WR�
GHYHORS� DQG� DSSO\� D� 0DPGDQL�W\SH� IX]]\� LQIHUHQFH� V\VWHP� WR�
SHUIRUP� ULVN� DQDO\VLV� RI� VWDELOL]HG� HDUWK� VORSHV� UHLQIRUFHG� ZLWK�
JURXQG� DQFKRUV�� 7KH� PDLQ� REMHFWLYHV� DUH�� �L�� WR� HVWDEOLVK� D�
NQRZOHGJH�EDVHG�PRGHO� WKDW� LQWHJUDWHV� JHRWHFKQLFDO� SDUDPHWHUV�
DQG� DQFKRU� FRQILJXUDWLRQV�� �LL�� WR� TXDQWLI\� WKH� GHJUHH� RI� ULVN�
DVVRFLDWHG� ZLWK� YDU\LQJ� VORSH� FRQGLWLRQV� XVLQJ� IX]]\� UXOH� VHWV��
DQG��LLL��WR�HYDOXDWH�WKH�V\VWHP
V�SHUIRUPDQFH�LQ�SUHGLFWLQJ�VORSH�
VDIHW\� OHYHOV� EDVHG� RQ� D� FRPSUHKHQVLYH� GDWDEDVH� RI� UHDO�ZRUOG�
FDVH�VWXGLHV��%\�WUDQVODWLQJ�H[SHUW�NQRZOHGJH�DQG�HPSLULFDO�GDWD�
LQWR� D� VHW� RI� IX]]\� UXOHV�� WKH� PRGHO� RIIHUV� D� IOH[LEOH� DQG�
LQWHUSUHWDEOH� IUDPHZRUN� IRU� DQDO\]LQJ� UHLQIRUFHG� VORSHV� XQGHU�
XQFHUWDLQW\��

7KH�SURSRVHG�IX]]\�DSSURDFK�RIIHUV�VHYHUDO�DGYDQWDJHV��)LUVW��
LW�DOORZV�IRU� WKH� LQFOXVLRQ�RI�PXOWLSOH� LQSXW�SDUDPHWHUV��VXFK�DV�
FRKHVLRQ�� IULFWLRQ� DQJOH�� VORSH� JHRPHWU\�� DQFKRU� OHQJWK�� DQG�
)R6��� ZLWKRXW� WKH� QHHG� IRU� H[DFW� SUREDELOLW\� GLVWULEXWLRQV��
6HFRQG�� LW�SURYLGHV�LQWXLWLYH�RXWSXW� LQ� WKH� IRUP�RI�ULVN� OHYHOV�RU�
VDIHW\� FDWHJRULHV�� ZKLFK� FDQ� EH� GLUHFWO\� XVHG� LQ� HQJLQHHULQJ�
GHFLVLRQ�PDNLQJ�� 7KLUG�� WKH� V\VWHP� LV� DGDSWDEOH� DQG� FDQ� EH�
FDOLEUDWHG�RU�H[SDQGHG�DV�QHZ�GDWD�EHFRPHV�DYDLODEOH��2YHUDOO��
WKH� IX]]\�ORJLF�EDVHG�PRGHO�GHYHORSHG� LQ� WKLV�VWXG\�VHUYHV�DV�D�
SUDFWLFDO� DQG� HIILFLHQW� WRRO� IRU� SUHOLPLQDU\� ULVN� VFUHHQLQJ� DQG�
GHVLJQ�RSWLPL]DWLRQ�LQ�DQFKRUHG�VORSH�VWDELOL]DWLRQ�SURMHFWV�

,,� *5281'�$1&+256�,1�6/23(�67$%,/,=$7,21�
*URXQG�DQFKRUV�DUH�SUHVWUHVVHG� WHQVLOH�PHPEHUV� LQVWDOOHG� LQ�

VRLO� RU� URFN� WR� WUDQVIHU� ORDGV� IURP� DQ� XQVWDEOH� VORSH�PDVV� LQWR�
GHHSHU��VWDEOH�VWUDWD��,Q�VORSH�VWDELOL]DWLRQ�SURMHFWV��WKH\�SURYLGH�
DQ� DFWLYH� UHVLVWLQJ� IRUFH� WR� FRXQWHUDFW� WKH� GULYLQJ� IRUFHV� RI�
SRWHQWLDO� IDLOXUH� �%DKVDQ� HW� DO��� �������$� W\SLFDO� DQFKRU� V\VWHP�
FRQVLVWV� RI� D� IUHH� OHQJWK�� D� ERQG� OHQJWK�� DQG� DQ� DQFKRU� KHDG�
�2UWLJDR�	�6D\DR�� �������3URSHU� GHVLJQ� UHTXLUHV�XQGHUVWDQGLQJ�
WKH�ORDG�WUDQVIHU�PHFKDQLVP�EHWZHHQ�WKH�VWHHO�WHQGRQ��JURXW��DQG�
VXUURXQGLQJ�JURXQG��7KH�UHTXLUHG�GHVLJQ�ORDG�IRU�HDFK�DQFKRU�LV�
GHULYHG�IURP�VORSH�VWDELOLW\�DQDO\VLV��+REVW�	�=DMtF���������7KH�
JHQHUDO�H[SUHVVLRQ�FDQ�EH�ZULWWHQ�DV��2UWLJDR�	�6D\DR���������

�W� × VLQ - R��
n 

ZKHUH�7G� LV�WKH�GHVLJQ�ORDG�SHU�DQFKRU��N1���:�LV�WKH�ZHLJKW�
RI�WKH�VOLGLQJ�PDVV��N1���ș�LV�WKH�VORSH�DQJOH��GHJUHHV���5�LV�WKH�
VXP� RI� H[LVWLQJ� UHVLVWLQJ� IRUFHV� �N1��� DQG� Q� LV� WKH� QXPEHU� RI�
DQFKRUV�� 7KLV� HQVXUHV� WKDW� WKH� DQFKRUV� FROOHFWLYHO\� SURYLGH�
VXIILFLHQW�IRUFH�WR�UDLVH�WKH�)R6�WR�WKH�WDUJHW�YDOXH��7KH�XOWLPDWH�
WHQVLOH�FDSDFLW\� LV�JRYHUQHG�E\� WKH�ERQG� UHVLVWDQFH�EHWZHHQ�WKH�
JURXWHG�ERQG� OHQJWK�DQG� WKH�VXUURXQGLQJ�JURXQG��'XQFDQ�HW�DO���
�������

Q� = × D� × I� ×

Td� = ���
q

u b b qbp ���

+HUH�� 4 LV� WKH� XOWLPDWH� WHQVLOH� FDSDFLW\� �N1��� 'E� LV� WKHX�
GLDPHWHU�RI�WKH�ERQG�]RQH��P���/� LV�WKH�ERQG�OHQJWK��P���DQGE TE
LV�WKH�XQLW�ERQG�VWUHQJWK��N1�Pð���7KH�XQLW�ERQG�VWUHQJWK�GHSHQGV�
RQ�JURXQG�FRQGLWLRQV��JURXW�TXDOLW\��DQG�LQVWDOODWLRQ�PHWKRG��7KH�
XQLW�ERQG�VWUHQJWK�TE� FDQ�EH�HVWLPDWHG�XVLQJ�DQ�HPSLULFDO� VKHDU�
VWUHQJWK�H[SUHVVLRQ��'XQFDQ�HW�DO����������


 
v × WDQ� 
a s f= × +bq c ���
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,Q�WKLV�HTXDWLRQ��Į�LV�DQ�DGKHVLRQ�IDFWRU��GLPHQVLRQOHVV���Fƍ�LV�
WKH� HIIHFWLYH� FRKHVLRQ� RI� WKH� VRLO� �N3D��� ıYƍ� LV� WKH� HIIHFWLYH�
RYHUEXUGHQ�VWUHVV�DW�WKH�ERQG�]RQH��N3D���DQGࢥ�ƍ� LV�WKH�HIIHFWLYH�
LQWHUQDO�IULFWLRQ�DQJOH��GHJUHHV���7KLV�DSSURDFK�DFFRXQWV�IRU�ERWK�
FRKHVLYH� DQG� IULFWLRQDO� FRPSRQHQWV� RI� WKH� VRLO±JURXW� LQWHUIDFH��
$OVR��WKH�IUHH�OHQJWK�RI�WKH�DQFKRU�PXVW�DOORZ�HODVWLF�HORQJDWLRQ�
GXULQJ� WHQVLRQLQJ� ZLWKRXW� FDXVLQJ� ERQG� VOLS� �'XQFDQ� HW� DO���
�������

L f� ³
D

����
Îs

ZKHUH�/I� LV� WKH� IUHH� OHQJWK� �P���ǻ� LV� WKH� UHTXLUHG�HORQJDWLRQ�
�P���DQGࣅ�V� LV�WKH�DOORZDEOH�VWUDLQ�LQ�WKH�VWHHO�WHQGRQ��W\SLFDOO\�LQ�
WKH�UDQJH�RI������±��������$GHTXDWH�IUHH�OHQJWK�HQVXUHV�HIILFLHQW�
ORDG� WUDQVIHU� WR� WKH� ERQG� ]RQH�� $QFKRUV� DUH� SUHVWUHVVHG� WR� D�
IUDFWLRQ� RI� WKHLU� XOWLPDWH� FDSDFLW\� WR� PRELOL]H� UHVLVWLQJ� IRUFHV�
LPPHGLDWHO\�DIWHU�LQVWDOODWLRQ��2UWLJDR�	�6D\DR���������

T� = ×P Quh ���

ZKHUH�7S� LV� WKH�DSSOLHG�SUHVWUHVVLQJ� IRUFH� �N1�� DQG�Ș� LV� WKH�
SUHVWUHVVLQJ� IDFWRU�� XVXDOO\� EHWZHHQ� ���� DQG� ����� 7KLV� HQVXUHV�
WKDW�WKH�VORSH�EHQHILWV�IURP�WKH�DQFKRU¶V�IXOO�FRQWULEXWLRQ�ZLWKRXW�
RYHUVWUHVVLQJ� WKH� VWHHO�RU� WKH� JURXQG��2YHU� WLPH�� FUHHS� LQ� VRLOV��
UHOD[DWLRQ� LQ�VWHHO� WHQGRQV��DQG�GHJUDGDWLRQ�LQ�JURXW�FDQ� UHGXFH�
WKH� DQFKRU¶V� HIIHFWLYH� FDSDFLW\��7KH� ORQJ�WHUP�FDSDFLW\� LV� RIWHQ�
H[SUHVVHG�DV��2UWLJDR�	�6D\DR���������

Q� = ×lt Qul ���

ZKHUH�4� LV�WKH�ORQJ�WHUP�FDSDFLW\��N1��DQG�Ȝ�LV�D�UHGXFWLRQOW�
IDFWRU�����±����IRU�SHUPDQHQW�DQFKRUV�GHSHQGLQJ�RQ�VRLO�W\SH�DQG�
HQYLURQPHQWDO FRQGLWLRQV�� 7KLV UHGXFWLRQ LV SDUWLFXODUO\�
LPSRUWDQW LQ ILQH�JUDLQHG VRLOV ZKHUH FUHHS HIIHFWV DUH�
VLJQLILFDQW�� 7KH� LQFOLQDWLRQ� RI� WKH� DQFKRU� UHODWLYH� WR� WKH�
KRUL]RQWDO�DIIHFWV�ERWK�WKH�YHUWLFDO�DQG�KRUL]RQWDO�FRPSRQHQWV�RI�
WKH�UHVLVWLQJ�IRUFH��2UWLJDR�	�6D\DR���������

T� = T�× VLQ � Th� = T�×FRVb bv ���

+HUH�� ȕ� LV� WKH� LQVWDOODWLRQ� DQJOH� �GHJUHHV��� 7Y� LV� WKH� YHUWLFDO�
FRPSRQHQW� �N1��� DQG� 7K LV� WKH� KRUL]RQWDO� FRPSRQHQW� �N1���
7\SLFDO� LQVWDOODWLRQ� DQJOHV� UDQJH� IURP� ���� WR� ���� EHORZ� WKH�
KRUL]RQWDO�WR�RSWLPL]H�ERQG�SHUIRUPDQFH�DQG�GUDLQDJH��7KH�)R6�
IRU� WKH� VORSH� DIWHU� DQFKRU� LQVWDOODWLRQ� FDQ� EH� FDOFXODWHG� DV�
�+XDQJ��������

R�+ [T�× FRV
q

b ]
W� × VLQ

FoS = å
new ���

,Q� WKLV� H[SUHVVLRQ�� WKH� VXP�RI� WKH� KRUL]RQWDO� FRPSRQHQWV� RI�
WKH� DQFKRU� IRUFHV� LV� DGGHG� WR� WKH� UHVLVWLQJ� IRUFHV� LQ� WKH� VORSH�
VWDELOLW\� HTXDWLRQ�� GLUHFWO\� LPSURYLQJ� VWDELOLW\�� %DVHG� RQ� WKLV�
VWDWXV�� HDFK� IRUPXOD� SUHVHQWHG� DGGUHVVHV� D� FULWLFDO� DVSHFW� RI�
DQFKRU�SHUIRUPDQFH�� IURP�GHWHUPLQLQJ�WKH� LQLWLDO�GHVLJQ�ORDG� WR�
DFFRXQWLQJ� IRU� WLPH�GHSHQGHQW� ORVVHV�� %\� LQWHJUDWLQJ� WKHVH�
FDOFXODWLRQV� ZLWK� VLWH�VSHFLILF� JHRWHFKQLFDO� GDWD�� D� VDIH� DQG

HIILFLHQW�DQFKRUHG�VORSH�V\VWHP�FDQ�EH�DFKLHYHG��$GYDQFHPHQWV�
LQ� FRPSXWDWLRQDO� SRZHU� RYHU� WKH� SDVW� WKUHH� GHFDGHV� KDYH�
VLJQLILFDQWO\�WUDQVIRUPHG�WKH�ZD\�HQJLQHHUV�GHVLJQ�DQG�HYDOXDWH�
DQFKRUHG VORSHV �&DL 	 8JDL� ������ 7UDGLWLRQDO KDQG�
FDOFXODWLRQV� ZKLFK� UHOLHG RQ� VLPSOLILHG DVVXPSWLRQV DQG�
HPSLULFDO�FRUUHODWLRQV��KDYH�EHHQ�LQFUHDVLQJO\�VXSSOHPHQWHG�DQG�
LQ�PDQ\� FDVHV� UHSODFHG�� E\� VRSKLVWLFDWHG� QXPHULFDO� DQG� K\EULG�
DSSURDFKHV� �'XQFDQ� HW� DO��� ������� 7KHVH� PHWKRGV� HQDEOH�
HQJLQHHUV WR VLPXODWH FRPSOH[ VRLO±VWUXFWXUH LQWHUDFWLRQV��
FRQVLGHU�QRQOLQHDU�PDWHULDO�EHKDYLRU��DQG�HYDOXDWH�VWDELOLW\�XQGHU�
D YDULHW\ RI ORDGLQJ FRQGLWLRQV� LQFOXGLQJ VHLVPLF DQG�
K\GURORJLFDO�LQIOXHQFHV��&KHQ�HW�DO����������

2QH�ZLGHO\�XVHG�FDWHJRU\�RI�FRPSXWDWLRQDO�DSSURDFKHV�LV�WKH�
/LPLW� (TXLOLEULXP�0HWKRG� �/(0��� LPSOHPHQWHG� LQ� VSHFLDOL]HG�
VRIWZDUH�SDFNDJHV� VXFK�DV�6/,'(��*HR6WXGLR� �6/23(�:���DQG�
3/$;,6� �'�� 7KHVH� SURJUDPV� DOORZ� WKH� LQFOXVLRQ� RI� DQFKRU�
IRUFHV�GLUHFWO\�LQWR� WKH�VWDELOLW\�DQDO\VLV��HQDEOLQJ�FDOFXODWLRQ�RI�
WKH�)R6�IRU�PXOWLSOH�SRWHQWLDO� VOLS� VXUIDFHV��$]DP�HW�DO��� �������
/(0� LV� YDOXHG� IRU� LWV� FRQFHSWXDO� VLPSOLFLW\� DQG� UHODWLYHO\� IDVW�
FRPSXWDWLRQ� WLPHV� EXW LWV� DFFXUDF\� GHSHQGV� KHDYLO\� RQ�
SUHGHILQHG VOLS VXUIDFH DVVXPSWLRQV DQG LQSXW SDUDPHWHU�
SUHFLVLRQ� �3UD\RJD� HW� DO��� ������� $QRWKHU� LPSRUWDQW� FODVV� RI�
DSSURDFKHV� LQFOXGHV� WKH�)LQLWH� (OHPHQW�0HWKRG� �)(0�� DQG� WKH�
)LQLWH 'LIIHUHQFH 0HWKRG �)'0�� DYDLODEOH LQ DGYDQFHG�
JHRWHFKQLFDO� DQDO\VLV� WRROV�� 7KHVH� PHWKRGV� DUH� FDSDEOH� RI�
VLPXODWLQJ�VRLO�GHIRUPDWLRQ��VWUHVV�UHGLVWULEXWLRQ��DQG�DQFKRU±VRLO�
LQWHUDFWLRQ� ZLWK� KLJKHU� ILGHOLW\� WKDQ� /(0�� ,Q� DQFKRUHG� VORSH�
DQDO\VLV�� )(0� DQG� )'0� FDQ�PRGHO� WKH� IXOO� ORDG� WUDQVIHU� IURP�
WKH� DQFKRU� WHQGRQ� WR� WKH�ERQG� ]RQH�� DV�ZHOO� DV� WLPH�GHSHQGHQW�
HIIHFWV�VXFK�DV�FUHHS�DQG�UHOD[DWLRQ��+RZHYHU��WKH\�UHTXLUH�PRUH�
FRPSXWDWLRQDO� UHVRXUFHV� DQG� KLJK�TXDOLW\� JHRWHFKQLFDO� GDWD� WR�
DFKLHYH�UHOLDEOH�UHVXOWV��8VOXRJXOODUL�HW�DO����������

+\EULG� DQDO\WLFDO±QXPHULFDO� PHWKRGV� KDYH� DOVR� HPHUJHG��
FRPELQLQJ� FORVHG�IRUP� DQFKRU� GHVLJQ� IRUPXODV� ZLWK� QXPHULFDO�
PRGHOLQJ� WR� RSWLPL]H� FRPSXWDWLRQDO� HIILFLHQF\�� 7KHVH� K\EULG�
DSSURDFKHV� DOORZ�GHVLJQHUV� WR� SHUIRUP� UDSLG� SUHOLPLQDU\� VL]LQJ�
XVLQJ DQDO\WLFDO HTXDWLRQV� IROORZHG E\ UHILQHPHQW ZLWK�
QXPHULFDO�PRGHOV� WKDW� LQFRUSRUDWH� VLWH�VSHFLILF� JURXQG� SURILOHV��
DQLVRWURS\��DQG�VWDJHG�FRQVWUXFWLRQ�HIIHFWV��6XFK�PHWKRGRORJLHV�
KDYH�SURYHQ�HIIHFWLYH�LQ�ODUJH�VFDOH�LQIUDVWUXFWXUH�SURMHFWV�ZKHUH�
ERWK� VSHHG� DQG� DFFXUDF\� DUH� FULWLFDO� �.RXUNRXOLV� HW� DO��� �������
'HVSLWH�WKHVH�FRPSXWDWLRQDO�DGYDQFHPHQWV��D�FRPPRQ�OLPLWDWLRQ�
UHPDLQV�� WKH� GHSHQGHQF\� RQ� SUHFLVH� QXPHULFDO� LQSXW� YDOXHV�� ,Q�
SUDFWLFH�� VRLO� SURSHUWLHV�� DQFKRU� ERQG� VWUHQJWK�� JURXQGZDWHU�
FRQGLWLRQV�� DQG� ORDG� SDWKV� DUH� VXEMHFW� WR� LQKHUHQW� YDULDELOLW\��
'HWHUPLQLVWLF� DSSURDFKHV�� HYHQ�ZKHQ� LPSOHPHQWHG� LQ� DGYDQFHG�
VRIWZDUH�� RIWHQ� IDLO� WR� UHSUHVHQW� WKH� WUXH� UDQJH� RI� SRVVLEOH�
RXWFRPHV� XQGHU� XQFHUWDLQ� ILHOG� FRQGLWLRQV� �*DOOL� HW� DO��� �������
7KLV� OLPLWDWLRQ� KDV� SURPSWHG� UHVHDUFKHUV� DQG� SUDFWLWLRQHUV� WR�
H[SORUH� SUREDELOLVWLF� DQG� XQFHUWDLQW\�EDVHG� PHWKRGV�� LQFOXGLQJ�
0RQWH�&DUOR� VLPXODWLRQV�� UDQGRP�ILHOG�PRGHOLQJ�� DQG�%D\HVLDQ�
XSGDWLQJ� WHFKQLTXHV� �&KHQ� HW� DO��� ������� :LWKLQ� WKLV� FRQWH[W��
IX]]\� ORJLF� KDV� JDLQHG� DWWHQWLRQ� DV� D� SRZHUIXO� DOWHUQDWLYH� IRU�
LQWHJUDWLQJ� XQFHUWDLQW\� GLUHFWO\� LQWR� WKH� VWDELOLW\� HYDOXDWLRQ�
SURFHVV �6H\HGSRXU 	 'HUDNKVKDQL� ����� 6DUVKDU 	�
'HUDNKVKDQL�� ������� 8QOLNH� SUREDELOLVWLF� PHWKRGV� WKDW� UHTXLUH�
VWDWLVWLFDO�GLVWULEXWLRQV�RI�SDUDPHWHUV��IX]]\�ORJLF�FDQ�ZRUN�ZLWK�
H[SHUW NQRZOHGJH� OLQJXLVWLF GHVFULSWLRQV� DQG LQFRPSOHWH�
GDWDVHWV�
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)X]]\� ORJLF�� LQWURGXFHG�E\�=DGHK� �������� LV� D�PDWKHPDWLFDO�
IUDPHZRUN�IRU�GHDOLQJ�ZLWK�XQFHUWDLQW\��LPSUHFLVLRQ��DQG�SDUWLDO�
WUXWK��8QOLNH�FODVVLFDO�%RROHDQ�ORJLF��ZKHUH�YDULDEOHV�DUH�ELQDU\�
�WUXH� RU� IDOVH��� IX]]\� ORJLF� DOORZV� YDULDEOHV� WR� WDNH� FRQWLQXRXV�
YDOXHV�EHWZHHQ��� DQG���� UHSUHVHQWLQJ�GHJUHHV�RI� WUXWK� �0HQGHO��
�������7KLV�PDNHV�LW�VXLWDEOH� IRU�FRPSOH[�HQJLQHHULQJ�SUREOHPV�
ZKHUH�PDQ\�SDUDPHWHUV�DUH�XQFHUWDLQ�RU�H[SUHVVHG�OLQJXLVWLFDOO\�
UDWKHU� WKDQ�SUHFLVHO\�PHDVXUHG� �7HRGRURYLü�� �������$� IX]]\� VHW�
$� LQ� D� XQLYHUVH� RI� GLVFRXUVH� ;� LV� GHILQHG� E\� D� PHPEHUVKLS�
IXQFWLRQ�ȝ$�[���ZKLFK�DVVLJQV�HDFK�HOHPHQW�[∈;�D�YDOXH�EHWZHHQ�
��DQG���

{ X }A�= x x��@� x�Î>� �mA � ���

ZKHUH�[�LV�DQ�HOHPHQW�LQ�WKH�VORSH��H�J���FRKHVLRQ�YDOXH��DQG�
ȝ$�[�� UHSUHVHQWV� WKH�GHJUHH�RI�PHPEHUVKLS�RI�[� LQ� IX]]\�VHW�$��
&RPPRQ� PHPEHUVKLS� IXQFWLRQV� LQFOXGH� WULDQJXODU�� WUDSH]RLGDO��
*DXVVLDQ�� DQG� VLJPRLG� IXQFWLRQV�� )RU� H[DPSOH�� D� WULDQJXODU�
PHPEHUVKLS�IXQFWLRQ�LV�JLYHQ�E\��0RKDPHG�HW�DO���������
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ï
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ZKHUH� D�� E�� DQG� F� GHILQH� WKH� VKDSH� RI� WKH� WULDQJOH�� ,Q� IDFW��
IX]]\� IRU� IX]]\� VHWV� $� DQG� %�� WKH� PRVW� FRPPRQ� RSHUDWLRQV�
LQFOXGH�LQWHUVHFWLRQ��$1'���XQLRQ��25���DQG�FRPSOHPHQW��127��
�0HQGHO�� ������� 7KHVH� RSHUDWRUV� HQDEOH� FRPELQLQJ� PXOWLSOH�
XQFHUWDLQ�SDUDPHWHUV�� VXFK�DV� ³KLJK�FRKHVLRQ´�$1'�³ORZ�VORSH�
DQJOH�´�LQWR�D�VLQJOH�IX]]\�FRQGLWLRQ��0RKDPHG�HW�DO���������
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,Q� 0DPGDQL�W\SH� IX]]\� V\VWHPV�� H[SHUW� NQRZOHGJH LV�
H[SUHVVHG�DV�,)±7+(1�UXOHV��$�JHQHUDO�UXOH�WDNHV�WKH�IRUP�,) [�
LV�$� $1'�[� LV�$��7+(1�\�LV�%��ZKLFK��IRU�WKH�L� UXOH��FDQ�EH� ��
PDWKHPDWLFDOO\�H[SUHVVHG�D��7HRGRURYLü��������

WK

��x� ��x� ��= PLQ ��x� �� ��x� �] ����Ri � � A� � A��m [m m

7KH�RXWSXW�IX]]\�VHW�%�LV�WKHQ�VFDOHG�E\�WKH�GHJUHH�RI�WUXWK�RI�
WKH� SUHPLVH��0XOWLSOH� UXOHV� DUH� DJJUHJDWHG� XVLQJ� WKH� IX]]\�25�
RSHUDWRU� WR� SURGXFH� D� FRPELQHG� IX]]\� RXWSXW��*HQHUDOO\�� IX]]\�
ORJLF� LV� LPSOHPHQWHG� LQ� VHYHUDO� VWHSV�� DV�SUHVHQWHG� LQ�)LJXUH� ���
)X]]LILFDWLRQ� LV� WKH� ILUVW� VWHS� LQ� WKH� IX]]\� LQIHUHQFH� SURFHVV��
ZKHUH�FULVS�QXPHULFDO�LQSXW�YDOXHV�DUH�WUDQVODWHG�LQWR�GHJUHHV�RI�
PHPEHUVKLS�ZLWKLQ�SUHGHILQHG� IX]]\� VHWV� �$QGULF�	�/X�� �������
,Q�WKH�FRQWH[W�RI�DQFKRUHG�VORSH�VWDELOLW\��LQSXWV�VXFK�DV�FRKHVLRQ�
�Fƍ��� IULFWLRQ�DQJOH� �ƍ���VORSH�DQJOHࢥ� �ș���DQG�DQFKRU�FDSDFLW\��7�

DUH�HDFK�DVVRFLDWHG�ZLWK� OLQJXLVWLF� WHUPV� OLNH�³ORZ�´� ³PHGLXP�´�
RU�³KLJK´��<H�HW�DO����������

(DFK� WHUP� LV� UHSUHVHQWHG� E\� D� PHPEHUVKLS� IXQFWLRQ�� RIWHQ�
WULDQJXODU��WUDSH]RLGDO��RU�*DXVVLDQ��WKDW�PDSV�WKH�FULVS�YDOXH�WR�D�
QXPEHU� EHWZHHQ� �� DQG� ��� LQGLFDWLQJ� KRZ� VWURQJO\� WKH� YDOXH�
EHORQJV� WR� WKH� IX]]\� VHW� �0DR� HW� DO��� ������� )RU� H[DPSOH�� D�
FRKHVLRQ�YDOXH�RI���ௗN3D�PLJKW�KDYH�D�PHPEHUVKLS�GHJUHH�RI�����
LQ�WKH�VHW�³PHGLXP�FRKHVLRQ´�DQG�����LQ�WKH�VHW�³KLJK�FRKHVLRQ�´�
DOORZLQJ� PXOWLSOH� GHJUHHV� RI� WUXWK� WR� FRH[LVW� �0X¶D]X�� �������
7KLV� VWHS� HQDEOHV� WKH� V\VWHP� WR� KDQGOH� YDJXH� RU� XQFHUWDLQ� GDWD�
WKDW� FDQQRW� EH� FDSWXUHG� E\� ELQDU\� FODVVLILFDWLRQV� �7HRGRURYLü��
�������

'HIX]]LILFDWLRQ� LV� WKH� ILQDO� VWHS� LQ� WKH� IX]]\� LQIHUHQFH�
SURFHVV�� ZKHUH� WKH� DJJUHJDWHG� IX]]\� RXWSXW� �UHVXOWLQJ� IURP� WKH�
HYDOXDWLRQ� RI� DOO� IX]]\� UXOHV��� LV� FRQYHUWHG� EDFN� LQWR� D� VLQJOH�
FULVS� YDOXH� VXLWDEOH� IRU� HQJLQHHULQJ� GHFLVLRQ�PDNLQJ� �0HQGHO��
������� 7KH� PRVW� FRPPRQ� PHWKRG� IRU� GHIX]]LILFDWLRQ� LQ�
0DPGDQL� V\VWHPV� LV� WKH� FHQWURLG� �FHQWHU� RI� JUDYLW\�� PHWKRG��

∗ZKHUH�WKH�FULVS�RXWSXW�\� LV�FDOFXODWHG�DV��0DR�HW�DO���������
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+HUH��ȝ%�\��UHSUHVHQWV�WKH�DJJUHJDWHG�PHPEHUVKLS�IXQFWLRQ�RI�
WKH�RXWSXW�YDULDEOH��DQG�\∗ FRUUHVSRQGV�WR�WKH�³EDODQFH�SRLQW´�RI�
WKH DUHD XQGHU WKH FXUYH� ,Q DQFKRUHG VORSH DQDO\VLV��
GHIX]]LILFDWLRQ�PLJKW� \LHOG� D� VSHFLILF� )R6� RU� ULVN� LQGH[�� ZKLFK�
FDQ� WKHQ� EH� GLUHFWO\� FRPSDUHG� WR� GHVLJQ� WKUHVKROGV� �6DUVKDU�	�
'HUDNKVKDQL�� ������� 7KLV� VWHS� HQVXUHV� WKDW� WKH� LQKHUHQWO\�
TXDOLWDWLYH� UHDVRQLQJ� RI� IX]]\� ORJLF� UHVXOWV� LQ� D� TXDQWLWDWLYHO\�
DFWLRQDEOH�RXWFRPH��

7KH�FRQQHFWLRQ�EHWZHHQ�IX]]LILFDWLRQ�DQG�GHIX]]LILFDWLRQ�OLHV�
LQ�WKHLU�FRPSOHPHQWDU\�UROHV�ZLWKLQ� WKH� IX]]\�LQIHUHQFH�SURFHVV�
�6DUVKDU�	�'HUDNKVKDQL���������)X]]LILFDWLRQ�WUDQVIRUPV�SUHFLVH��
RIWHQ� XQFHUWDLQ� HQJLQHHULQJ� GDWD� LQWR� D� IRUP� WKDW� FDQ� EH�
SURFHVVHG�E\�IX]]\�ORJLF²PDSSLQJ�QXPHULFDO�LQSXWV�WR�GHJUHHV�
RI� PHPEHUVKLS� LQ� OLQJXLVWLF� FDWHJRULHV� �0HQGHO�� ������� 7KHVH�
IX]]LILHG�YDOXHV�DOORZ�WKH� V\VWHP�WR�DSSO\� UXOH�EDVHG� UHDVRQLQJ�
WKDW UHIOHFWV H[SHUW MXGJPHQW DQG WROHUDWHV DPELJXLW\�
�7HRGRURYLü� ������ 'HIX]]LILFDWLRQ WKHQ UHYHUVHV WKLV�
DEVWUDFWLRQ�E\�FRQYHUWLQJ�WKH�DJJUHJDWHG�IX]]\�FRQFOXVLRQV�EDFN�
LQWR�D�FULVS�QXPHULFDO�UHVXOW��VXFK�DV�D�)R6�RU�ULVN�LQGH[��$QGULF�
	�/X��������

Fig. 2�)X]]\�FRQWUROOHU�GLDJUDP��$QGULF�	�/X�������
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,Q� DQFKRUHG� VORSH� VWDELOLW\� DQDO\VLV�� WKLV� F\FOH� HQVXUHV� WKDW�
XQFHUWDLQ�ILHOG�PHDVXUHPHQWV�DQG�VXEMHFWLYH�DVVHVVPHQWV�FDQ�EH�
PHDQLQJIXOO\� LQWHJUDWHG� LQWR� D� TXDQWLWDWLYH� GHVLJQ� RU� VDIHW\�
HYDOXDWLRQ�� EULGJLQJ� WKH� JDS� EHWZHHQ� KXPDQ� UHDVRQLQJ� DQG�
FRPSXWDWLRQDO�GHFLVLRQ�PDNLQJ��

,Q�DQFKRUHG�VORSH�VWDELOL]DWLRQ��WKH�SHUIRUPDQFH�RI�WKH�V\VWHP�
LV� JRYHUQHG� E\�PXOWLSOH� LQWHUGHSHQGHQW� SDUDPHWHUV� VXFK� DV� VRLO�
VKHDU� VWUHQJWK�� DQFKRU� ORDG� FDSDFLW\�� LQVWDOODWLRQ� JHRPHWU\�� DQG�
ORQJ�WHUP�GHJUDGDWLRQ�IDFWRUV��6H\HGSRXU�	�'HUDNKVKDQL���������
,Q� UHDOLW\�� WKHVH� SDUDPHWHUV� DUH� UDUHO\� NQRZQ� ZLWK� DEVROXWH�
SUHFLVLRQ� �6DER\D� -U� HW� DO��� ������� 6LWH� LQYHVWLJDWLRQ� GDWD� RIWHQ�
FRQWDLQ�YDULDELOLW\��DQG�HPSLULFDO�YDOXHV�GHULYHG�IURP�ODERUDWRU\�
RU� ILHOG� WHVWLQJ� FRPH� ZLWK� D� UDQJH� RI� SRVVLEOH� RXWFRPHV� UDWKHU�
WKDQ� D� VLQJOH� GHWHUPLQLVWLF� ILJXUH� �+HQULTXH� %DUERVD� 'H�
&DUYDOKR� 7DYDUHV� HW� DO��� ������� )X]]\� ORJLF� SURYLGHV� D� UREXVW�
ZD\� WR� PRGHO� WKHVH� XQFHUWDLQWLHV� E\� UHSUHVHQWLQJ� YDULDEOHV� LQ�
WHUPV� RI� PHPEHUVKLS� IXQFWLRQV� DQG� OLQJXLVWLF� WHUPV� VXFK� DV�
³ORZ´�� ³PHGLXP´�� RU� ³KLJK´�� UDWKHU� WKDQ� IL[HG� QXPEHUV� �<H� HW�
DO��� ������� 7KH� DGYDQWDJH� RI� XVLQJ� D� 0DPGDQL�W\SH� IX]]\�
LQIHUHQFH� V\VWHP� LQ� DQFKRUHG� VORSH� GHVLJQ� OLHV� LQ� LWV� DELOLW\� WR�
WDNH�PXOWLSOH� XQFHUWDLQ� LQSXWV� DQG� SURGXFH� DQ� LQWHUSUHWDEOH� ULVN�
RU�VDIHW\�LQGH[��7UDGLWLRQDO�VORSH�VWDELOLW\�IRUPXODV�� VXFK�DV� WKH�
)R6� HTXDWLRQ�� FDQ� VHUYH� DV� WKH� FRPSXWDWLRQDO� EDFNERQH� RI� WKH�
IX]]\�PRGHO��+RZHYHU��LQVWHDG�RI�XVLQJ�IL[HG�LQSXWV��IX]]\�ORJLF�
DOORZV�HDFK�YDULDEOH� �L�J��� FRKHVLRQ�� IULFWLRQ�DQJOH��DQFKRU� ORDG��
VORSH� JHRPHWU\��� WR� EH� H[SUHVVHG� ZLWK� GHJUHHV� RI� SRVVLELOLW\��
UHVXOWLQJ� LQ� D� PRUH� UHDOLVWLF� UHSUHVHQWDWLRQ� RI� VORSH� EHKDYLRU�
XQGHU�XQFHUWDLQ�FRQGLWLRQV��$QGULF�	�/X���������

%HIRUH� LQWHJUDWLQJ� IX]]\� ORJLF�� WKH� EDVHOLQH� GHWHUPLQLVWLF�
VWDELOLW\�HTXDWLRQ�IRU�DQ�DQFKRUHG�VORSH�PXVW�EH�HVWDEOLVKHG��7KH�
SRVW�DQFKRULQJ�)R6�ZDV�SUHYLRXVO\�H[SUHVVHG�DV�VKRZQ�LQ�(T�����
7KLV� HTXDWLRQ� IRUPV� WKH� EDVLV� IRU� VWDELOLW\� FDOFXODWLRQV� EXW�
DVVXPHV�WKDW�DOO�SDUDPHWHUV�DUH�NQRZQ�H[DFWO\��<H�HW�DO����������
,Q�DGGLWLRQ��(TV���������DQG����GHVFULEH�WKH�FDOFXODWLRQ�RI�DQFKRU�
FDSDFLW\�ZLWKLQ� WKH�VORSH�PDVV�� ,Q�D� IX]]\�PRGHO��HDFK�RI�WKHVH�
YDULDEOHV�LV�UHSUHVHQWHG�ZLWK�D�UDQJH�DQG�D�PHPEHUVKLS�IXQFWLRQ�
�H�J��� ³VPDOO´�� ³PHGLXP´�� ³ODUJH´� ERQG� VWUHQJWK��� SURGXFLQJ� DQ�
RXWSXW� WKDW� FDSWXUHV� SRVVLEOH� YDULDWLRQV� LQ� DQFKRU� IRUFH� UDWKHU�
WKDQ�D� VLQJOH�SRLQW� YDOXH� �0RKDPHG�HW� DO����������7KH� UHVLVWLQJ�
IRUFH�5�LQ�WKH�VWDELOLW\�HTXDWLRQ��(T�����GHSHQGV�RQ�VRLO�VWUHQJWK�
SDUDPHWHUV��6DUVKDU�	�'HUDNKVKDQL���������
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ZLWK� RYHUODSSLQJ� UDQJHV�� ZKLFK� DUH� WKHQ� SURFHVVHG� XVLQJ� UXOH��
EDVHG�LQIHUHQFH�WR�SURGXFH�D�IX]]\�YDOXH�IRU�5��5HSODFLQJ�5�DQG�
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+HUH��5� DQG�7I� DUH�QRW�VLQJOH�YDOXHV�EXW�GHIX]]LILHG�RXWSXWVI
IURP�WKH�IX]]\�LQIHUHQFH�SURFHVV��UHSUHVHQWLQJ�WKH�PRVW�SUREDEOH�
VWDELOLW\� VFHQDULR� JLYHQ� XQFHUWDLQ� LQSXW� GDWD�� 7KLV� PDNHV� WKH

HTXDWLRQ� DGDSWDEOH� WR� UHDO�ZRUOG� YDULDELOLW\� ZKLOH� UHWDLQLQJ� WKH�
VDPH� IXQGDPHQWDO� PHFKDQLFDO� VWUXFWXUH�� %DVHG� RQ� WKH� IX]]\�
IDFWRU� RI� VDIHW\� �)R6 ��� D� IX]]\� ULVN� LQGH[� �5,�� FDQ� EHIX]]\�
FRPSXWHG� WR� GLUHFWO\� H[SUHVV� WKH� OLNHOLKRRG� RI� VORSH� LQVWDELOLW\�
�+DR�HW�DO����������

)R6

WDUJHW

IX]]\

)R6
5,�= ����

ZKHUH� )R6 LV� WKH� GHVLJQ� WDUJHW� )R6� �H�J��� ���� RU� ������$WDUJHW�
SRVLWLYH� 5,� LQGLFDWHV� WKDW� WKH� VORSH� LV� EHORZ� WKH� WDUJHW� VDIHW\�
WKUHVKROG��ZLWK�KLJKHU�YDOXHV�FRUUHVSRQGLQJ�WR�KLJKHU�LQVWDELOLW\�
ULVN��.KDQ�	�:DQJ���������7KLV�ULVN�LQGH[�FDQ�WKHQ�EH�FODVVLILHG�
LQWR FDWHJRULHV �³ORZ´� ³PRGHUDWH´� ³KLJK´� XVLQJ IX]]\�
PHPEHUVKLS IXQFWLRQV� 7KLV DSSURDFK HVVHQWLDOO\ HPEHGV�
WUDGLWLRQDO� VORSH� VWDELOLW\� PHFKDQLFV� ZLWKLQ� D� IX]]\� GHFLVLRQ��
PDNLQJ�IUDPHZRUN��$QGULF�	�/X���������%\�VWDUWLQJ�ZLWK�NQRZQ�
PHFKDQLFDO� HTXDWLRQV�� UHSUHVHQWLQJ� WKHLU� YDULDEOHV� DV� IX]]\�
LQSXWV�� DQG� XVLQJ� UXOH�EDVHG� LQIHUHQFH�� WKH� ILQDO� RXWSXW� LV� D�
TXDQWLILHG� ULVN� DVVHVVPHQW� WKDW� UHIOHFWV� UHDO� XQFHUWDLQWLHV�� 7KH�
)R6 DQG�5,�YDOXHV�WKXV�VHUYH�DV�GHFLVLRQ�VXSSRUW�PHWULFV�IRUIX]]\
HQJLQHHUV� DOORZLQJ ERWK VDIHW\ FRPSOLDQFH FKHFNV DQG�
SULRULWL]DWLRQ�RI�VWDELOL]DWLRQ�PHDVXUHV�LQ�DQFKRUHG�VORSHV��

7KH� LPSOHPHQWDWLRQ� RI� WKH� SURSRVHG� IX]]\�EDVHG� ULVN�
DVVHVVPHQW� PRGHO� IRU� DQFKRU�VWDELOL]HG� VORSHV� ZDV� FDUULHG� RXW�
WKURXJK� D� VWUXFWXUHG�� PXOWL�SKDVH� DSSURDFK�� 7KH� SURFHVV� EHJDQ�
ZLWK�DQ�H[WHQVLYH�OLWHUDWXUH�UHYLHZ�WR�LGHQWLI\�WKH�PRVW�LQIOXHQWLDO�
JHRWHFKQLFDO� DQG� GHVLJQ� SDUDPHWHUV� DIIHFWLQJ� VORSH� VWDELOLW\��
7KHVH�SDUDPHWHUV�ZHUH�VHOHFWHG�EDVHG�RQ�WKHLU� IUHTXHQF\�RI�XVH�
LQ� H[LVWLQJ� DQDO\WLFDO� DQG� HPSLULFDO� PRGHOV�� DV� ZHOO� DV� WKHLU�
DYDLODELOLW\� LQ� SXEOLVKHG� FDVH� VWXGLHV�� 3DUWLFXODU� DWWHQWLRQ� ZDV�
JLYHQ� WR� UHLQIRUFHG� VDQG\±FOD\H\� VORSHV�� ZKLFK� RIWHQ� GLVSOD\�
FRPSOH[�LQWHUDFWLRQ�PHFKDQLVPV�EHWZHHQ�VRLO�DQG�UHLQIRUFHPHQW��
)ROORZLQJ� SDUDPHWHU� VHOHFWLRQ�� D� FRPSUHKHQVLYH� GDWDVHW� ZDV�
FRPSLOHG�� FRQVLVWLQJ� RI� ���� VORSH� VWDELOL]DWLRQ� VFHQDULRV�� (DFK�
VFHQDULR�LQFOXGHG�YDOXHV�IRU�FRKHVLRQ��IULFWLRQ�DQJOH��VORSH�DQJOH��
DQFKRU� LQFOLQDWLRQ�� DQFKRU� OHQJWK�� DQG� LQLWLDO� )R6�� 7KLV� GDWDVHW�
VHUYHG� DV� WKH� EDFNERQH� IRU� ERWK� UXOH� JHQHUDWLRQ� DQG� PRGHO�
YDOLGDWLRQ� 3ULRU WR IX]]LILFDWLRQ� DOO LQSXW YDOXHV ZHUH�
QRUPDOL]HG� ZLWKLQ� D� GHILQHG� XQLYHUVH� RI� GLVFRXUVH� WR� HQVXUH�
FRQVLVWHQW�WUHDWPHQW�DFURVV�WKH�IX]]\�V\VWHP��VHH�)LJXUH�����

7KH� QH[W� VWHS� LQYROYHG� WKH� GHYHORSPHQW� RI� PHPEHUVKLS�
IXQFWLRQV�IRU�HDFK�LQSXW�DQG�RXWSXW�YDULDEOH��/LQJXLVWLF�YDULDEOHV�
VXFK� DV� ³ORZ´�� ³PHGLXP´�� DQG� ³KLJK´� ZHUH� GHILQHG� IRU�
SDUDPHWHUV� OLNH� FRKHVLRQ� DQG� DQFKRU� FDSDFLW\��ZKLOH� WKH� RXWSXW�
YDULDEOH��ULVN�OHYHO��ZDV�FDWHJRUL]HG�LQWR�IX]]\�VHWV�VXFK�DV�³VDIH�
RU� ORZ´�� ³PRGHUDWH´� DQG� ³KLJK´�� 7ULDQJXODU� DQG� WUDSH]RLGDO�
PHPEHUVKLS� IXQFWLRQV� ZHUH� XVHG� GXH� WR� WKHLU� FRPSXWDWLRQDO�
VLPSOLFLW\�DQG� LQWHUSUHWDELOLW\��7KH� UDQJH�RI�HDFK� IX]]\�VHW�ZDV�
GHILQHG� EDVHG� RQ� GRPDLQ� NQRZOHGJH� DQG� VWDWLVWLFDO� GLVWULEXWLRQ�
RI�WKH�GDWDVHW��7KH�LPSOHPHQWDWLRQ�SURFHVV�LV�VXPPDUL]HG�LQ�WKH�
IORZFKDUW� SUHVHQWHG� LQ� )LJXUH� ��� 7KLV� GLDJUDP� RXWOLQHV� WKH�
VHTXHQWLDO VWUXFWXUH RI WKH PRGHO� EHJLQQLQJ ZLWK GDWD�
SUHSURFHVVLQJ DQG SURJUHVVLQJ WKURXJK IX]]LILFDWLRQ� UXOH�
HYDOXDWLRQ� GHIX]]LILFDWLRQ� DQG RXWSXW LQWHUSUHWDWLRQ� $�
0DPGDQL�W\SH� IX]]\� LQIHUHQFH� V\VWHP� ZDV� VHOHFWHG� GXH� WR� LWV�
LQWXLWLYH�UXOH�VWUXFWXUH�DQG�ZLGHVSUHDG�DFFHSWDQFH�LQ�HQJLQHHULQJ�
DSSOLFDWLRQV�
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Fig. 3�,QWHJUDWLRQ�RI�GHWHUPLQLVWLF�VORSH�VWDELOLW\�ZLWK�0DPGDQL�
IX]]\�V\VWHP�WKDW�XVHG�LQ�WKLV�DUWLFOH

Fig. 4�)X]]\�EDVHG�5,�HVWLPDWLRQ�SURFHVV�IORZFKDUW

7KH�UXOH�EDVH�ZDV�GHYHORSHG�WKURXJK�D�FRPELQDWLRQ�RI�H[SHUW�
MXGJPHQW� DQG� GDWD�GULYHQ� SDWWHUQV� REVHUYHG� LQ� WKH� FRPSLOHG�
VFHQDULRV�� (DFK� UXOH� WRRN� WKH� IRUP� RI� DQ� ,)±7+(1� VWDWHPHQW��
OLQNLQJ� FRPELQDWLRQV� RI� LQSXW� FRQGLWLRQV� WR� D� FRUUHVSRQGLQJ�
IX]]\� RXWSXW� �VHH� )LJXUH� ���� )RU� H[DPSOH�� D� UHSUHVHQWDWLYH� UXOH�
FDQ�EH�H[SUHVVHG�DV��,)�FRKHVLRQ�LV�ORZ�$1'�VORSH�DQJOH�LV�VWHHS�
7+(1�ULVN�LV�KLJK��$�WRWDO�RI����UXOHV�ZHUH�HVWDEOLVKHG�WR�FRYHU�
DOO� UHOHYDQW� FRPELQDWLRQV�� 2QFH� WKH� IX]]\� UXOH� EDVH� ZDV�
ILQDOL]HG��WKH�LQIHUHQFH�HQJLQH�ZDV�SURJUDPPHG�WR�SHUIRUP�IX]]\�
DJJUHJDWLRQ� DQG� LPSOLFDWLRQ� RSHUDWLRQV� XVLQJ� WKH� PLQ±PD[�
PHWKRG��7KLV�LQYROYHG�DSSO\LQJ�IX]]\�ORJLF�RSHUDWRUV�WR�FRPELQH�
WKH� PHPEHUVKLS� GHJUHHV� RI� PXOWLSOH� LQSXWV� DQG� GHWHUPLQH� WKH�
UHVXOWLQJ�IX]]\�RXWSXW�VHW�

7KH�PLQ±PD[�QRUPDOL]DWLRQ�PHWKRG�ZDV�DSSOLHG�WR�VFDOH�DOO�
LQSXW� YDULDEOHV� LQWR� D� VWDQGDUG� UDQJH� RI� >��� �@�� 7KLV� HQVXUHV�
FRQVLVWHQF\�LQ�IX]]LILFDWLRQ�DQG�DOORZV�DOO�PHPEHUVKLS�IXQFWLRQV�
WR� EH� GHILQHG� RYHU� WKH� VDPH� GRPDLQ�� :LWKRXW� QRUPDOL]DWLRQ��
LQSXW�YDOXHV�ZLWK�ODUJH�PDJQLWXGHV�PLJKW�GRPLQDWH�WKH�LQIHUHQFH�
SURFHVV� RU� OHDG� WR� GLVWRUWHG� IX]]\� VHW� LQWHUSUHWDWLRQV� �.XPDU� HW�
DO����������7KH�PLQ±PD[�QRUPDOL]DWLRQ� IRUPXOD� XVHG� LV� GHILQHG�
DV��:DQJ�	�(OKDJ���������
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ZKHUH� [� LV� WKH� RULJLQDO� LQSXW� YDOXH�� [ DQG� [ DUH� WKHPLQ PD[
PLQLPXP� DQG� PD[LPXP� YDOXHV� IRU� WKDW� YDULDEOH� DFURVV� WKH�
GDWDVHW��[¶�LV�WKH�QRUPDOL]HG�YDOXH�VFDOHG�EHWZHHQ���DQG����7KLV�
WUDQVIRUPDWLRQ� SUHVHUYHV� WKH� SURSRUWLRQDO� UHODWLRQVKLSV� DPRQJ�
GDWD� SRLQWV� ZKLOH� VWDQGDUGL]LQJ� WKHLU� VFDOHV�� ,W� LV� SDUWLFXODUO\�
XVHIXO� ZKHQ� WKH� LQSXW� YDULDEOHV� DUH� WR� EH� PDSSHG� RQWR� IX]]\�
OLQJXLVWLF� WHUPV� VXFK� DV� ³ORZ´�� ³PHGLXP´�� DQG� ³KLJK´� ZLWK�
RYHUODSSLQJ�PHPEHUVKLS�IXQFWLRQV��

7KH�RXWSXW�RI�HDFK�UXOH�ZDV�DJJUHJDWHG�WR�IRUP�D�ILQDO�IX]]\�
ULVN�VXUIDFH�IRU�HDFK�VFHQDULR��7KLV�SURFHVV�HQDEOHG�WKH�PRGHO�WR�
KDQGOH� QRQOLQHDU� DQG� PXOWL�GLPHQVLRQDO� UHODWLRQVKLSV� ZLWKRXW�
UHTXLULQJ� H[SOLFLW� PDWKHPDWLFDO� IRUPXODWLRQV�� 'HIX]]LILFDWLRQ�
ZDV�FDUULHG�RXW�XVLQJ� WKH�FHQWURLG�PHWKRG��ZKLFK�FDOFXODWHV� WKH�
FHQWHU�RI�JUDYLW\�RI�WKH�DJJUHJDWHG�IX]]\�RXWSXW�VHW��7KLV�\LHOGHG�
D�FULVS�ULVN�VFRUH�IRU�HDFK�VFHQDULR��UDQJLQJ�EHWZHHQ����QR�ULVN��
DQG����PD[LPXP�ULVN���7KHVH�YDOXHV�ZHUH�WKHQ�FRPSDUHG�DJDLQVW�
SUHGHILQHG� VDIHW\� WKUHVKROGV� WR� FODVVLI\� VORSHV� DV� ³VDIH´��
³UHTXLULQJ� DWWHQWLRQ´�� RU� ³XQVWDEOH´�� 7KH� GHIX]]LILHG� RXWSXWV�
ZHUH� DOVR� XVHG� WR� FDOLEUDWH� WKH�PRGHO� E\� FRPSDULQJ� WKHP�ZLWK�
NQRZQ� RXWFRPHV� IURP� FDVH� VWXGLHV�� DGMXVWLQJ� PHPEHUVKLS�
IXQFWLRQV�DQG� UXOH� VWUHQJWKV�DV�QHHGHG��7KH�RXWSXW�RI� WKH�PRGHO�
KDV�EHHQ�SUHVHQWHG�LQ�)LJXUH����

7KH�HQWLUH�PRGHO�ZDV�LPSOHPHQWHG�LQ�0$7/$%��XWLOL]LQJ�LWV�
)X]]\� /RJLF� 7RROER[� IRU� FRQVWUXFWLQJ� WKH� LQIHUHQFH� V\VWHP��
GHILQLQJ�PHPEHUVKLS�IXQFWLRQV��DQG�SHUIRUPLQJ�UXOH�HYDOXDWLRQV��
&XVWRP�VFULSWV�ZHUH�GHYHORSHG� WR�DXWRPDWH�SUHSURFHVVLQJ�VWHSV�
VXFK� DV� QRUPDOL]DWLRQ�� GDWD� LPSRUW�� DQG� SDUDPHWHU� FKHFNLQJ�� $�
JUDSKLFDO� XVHU� LQWHUIDFH� �*8,�� ZDV� DOVR� GHVLJQHG� WR� DOORZ�
HQJLQHHUV�WR�LQSXW�VORSH�FKDUDFWHULVWLFV�DQG�LQVWDQWO\�REWDLQ�D�ULVN�
FODVVLILFDWLRQ� DQG� YLVXDO� RXWSXW�� 7KLV� XVHU�IULHQGO\� GHVLJQ�
HQKDQFHV� WKH� PRGHO¶V� DSSOLFDELOLW\� LQ� UHDO�ZRUOG� HQJLQHHULQJ�
ZRUNIORZV��7R�YDOLGDWH�WKH�SHUIRUPDQFH�RI�WKH�PRGHO��VHQVLWLYLW\�
DQDO\VHV� ZHUH� FRQGXFWHG� WR� DVVHVV� WKH� LPSDFW� RI� HDFK� LQSXW�
SDUDPHWHU� RQ� WKH� RXWSXW� ULVN� VFRUH�� &URVV�YDOLGDWLRQ� XVLQJ�
VXEVHWV�RI�WKH�GDWDVHW�FRQILUPHG�WKH�UREXVWQHVV�RI�WKH�IX]]\�ORJLF�
DSSURDFK� ZLWK UHVXOWV VKRZLQJ VWURQJ DOLJQPHQW ZLWK�
FRQYHQWLRQDO� DQDO\WLFDO� RXWFRPHV� DQG� H[SHUW� DVVHVVPHQWV�� 7KH�
PRGHO� ZDV� SDUWLFXODUO\� HIIHFWLYH� LQ� KLJKOLJKWLQJ� VFHQDULRV� WKDW�
IHOO� LQWR� ERUGHUOLQH� VDIHW\� UHJLRQV�� DUHDV� ZKHUH� GHWHUPLQLVWLF�
PHWKRGV�RIWHQ�IDLO�WR�FDSWXUH�XQGHUO\LQJ�ULVN��)LJXUH���LOOXVWUDWHV�
WKH�FODVVLILFDWLRQ�RI�VORSH�FRQGLWLRQV�EDVHG�RQ�WKH�IX]]\�V\VWHP¶V�
RXWSXW��NQRZQ�DV�WKH�5LVN�,QGH[��ZKLFK�UDQJHV�IURP���WR����7KH�
5,�LV�WKH�ILQDO�FULVS�RXWSXW�REWDLQHG�DIWHU�WKH�GHIX]]LILFDWLRQ�VWHS��
VXPPDUL]LQJ�WKH�FRPELQHG�HIIHFW�RI�DOO�LQSXW�SDUDPHWHUV�VXFK�DV�
FRKHVLRQ��VORSH�DQJOH��DQFKRU�FDSDFLW\��DQG�GHSWK�WR�EHGURFN�
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Fig. 5�7KH�LQSXW�SDUDPHWHUV�PHPEHUVKLS�IXQFWLRQV�KDV�EHHQ�GHILQHG�LQ�WKLV�DUWLFOH

Fig. 6�7KH�5,�RXWSXW�RI�WKH�PRGHOLQJ�ZLWK�IX]]\�ORJLF

Fig. 7�)X]]\�EDVHG�FODVVLILFDWLRQ�IRU�VORSH�FRQGLWLRQV

7KH�KRUL]RQWDO�D[LV�UHSUHVHQWV�WKLV�LQGH[��ZKLOH�WKH�GLDJUDP�LV�
GLYLGHG�LQWR�WKUHH�FRORUHG�]RQHV��HDFK�FRUUHVSRQGLQJ�WR�D�VSHFLILF�
OHYHO� RI� VORSH� VWDELOLW\�� 7KHVH� WKUHVKROGV� DUH� XVHG� WR� JXLGH�
HQJLQHHULQJ� MXGJPHQW� LQ� FDWHJRUL]LQJ� VORSHV� XQGHU� YDU\LQJ� ULVN�
OHYHOV�� ,Q�WKH�JUHHQ�]RQH��5,���������VORSHV�DUH�FRQVLGHUHG�6DIH��
LQGLFDWLQJ� DFFHSWDEOH� VWDELOLW\� DQG� QR� LPPHGLDWH� QHHG� IRU�
LQWHUYHQWLRQ��7KH�FHQWUDO�EHLJH�]RQH��������5,�������� UHSUHVHQWV�
VORSHV�WKDW�5HTXLUH�$WWHQWLRQ��PHDQLQJ�WKH\�DUH�LQ�D�WUDQVLWLRQDO�
VWDWH� DQG� PD\� UHTXLUH� PRQLWRULQJ�� PLQRU� UHLQIRUFHPHQW�� RU�
IXUWKHU� DQDO\VLV�� 6ORSHV� IDOOLQJ� LQWR� WKH� RUDQJH� ]RQH� �5,� !� �����
DUH� ODEHOHG� 8QVWDEOH� DQG� W\SLFDOO\� GHPDQG� XUJHQW� VWDELOL]LQJ�
PHDVXUHV��VXFK�DV�DQFKRU�UHLQIRUFHPHQW�RU�VORSH�UHJUDGLQJ��

7R� HQVXUH� WKH� WUDQVSDUHQF\� DQG� UHSURGXFLELOLW\� RI� WKH�
SURSRVHG� IUDPHZRUN�� DOO� PRGHO� SDUDPHWHUV�� UXOH� VWUXFWXUHV�� DQG�
QRUPDOL]DWLRQ�ERXQGDULHV�ZHUH� V\VWHPDWLFDOO\�GRFXPHQWHG�SULRU�
WR�SHUIRUPDQFH�HYDOXDWLRQ��7KH�ILQDOL]HG�IX]]\�LQIHUHQFH�V\VWHP�
ZDV� WKHQ� VXEMHFWHG� WR� FRQWUROOHG� VLPXODWLRQ� UXQV� DFURVV� WKH�
FRPSLOHG GDWDVHW WR JHQHUDWH FRQVLVWHQW ULVN� RXWSXWV IRU�
FRPSDUDWLYH� DQDO\VLV�� 7KLV� VWUXFWXUHG� PHWKRGRORJLFDO� VHWXS�
HVWDEOLVKHV� D� FOHDU� EDVLV� IRU� HYDOXDWLQJ� WKH�SUHGLFWLYH� FDSDELOLW\�
DQG�SUDFWLFDO�UHOHYDQFH�RI�WKH�GHYHORSHG�PRGHO�
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7KLV�VWXG\�GHYHORSHG�D�0DPGDQL�W\SH�IX]]\�LQIHUHQFH�V\VWHP�
IRU� DVVHVVLQJ� WKH� ULVN�RI�HDUWK� VORSH� LQVWDELOLW\� LQ� HPEDQNPHQWV�
UHLQIRUFHG� ZLWK� JURXQG� DQFKRUV�� $� WRWDO� RI� VL[� LQSXW� YDULDEOHV�
ZHUH�LQFRUSRUDWHG�LQWR�WKH�PRGHO��FRKHVLRQ��IULFWLRQ�DQJOH��VORSH�
DQJOH�� DQFKRU� FDSDFLW\�� DQFKRU� OHQJWK�� DQG� GHSWK� WR� EHGURFN��
(DFK�RI�WKHVH�ZDV�GHVFULEHG�XVLQJ�DSSURSULDWH�IX]]\�PHPEHUVKLS�
IXQFWLRQV� DQG� FDWHJRUL]HG� LQWR� OLQJXLVWLF� WHUPV�� $� UXOH� EDVH�
FRQVLVWLQJ�RI����H[SHUW�GHILQHG�UXOHV�ZDV�FRQVWUXFWHG�WR�HYDOXDWH�
WKH� FRPELQHG� LQIOXHQFH� RI� WKHVH� SDUDPHWHUV� RQ� VORSH� VWDELOLW\��
7KH�RXWSXW�RI�WKH�PRGHO�ZDV�D�IX]]\�ULVN�LQGH[��ZKLFK�ZDV�WKHQ�
GHIX]]LILHG� DQG� LQWHUSUHWHG� WKURXJK� D� WKUHH�OHYHO� FODVVLILFDWLRQ�
V\VWHP��7KH�HQWLUH�IX]]\�PRGHO�ZDV�LPSOHPHQWHG�LQ�0$7/$%��
XVLQJ� D� FRPELQDWLRQ� RI� WKH� )X]]\� /RJLF� 7RROER[� DQG� FXVWRP�
VFULSWV� IRU� LQSXW� QRUPDOL]DWLRQ�� UXOH� HYDOXDWLRQ�� DQG� ULVN�
YLVXDOL]DWLRQ�� 7KH� V\VWHP� ZDV� WHVWHG� XVLQJ� D� GDWDEDVH� RI� ����
VORSH� VFHQDULRV� GHULYHG� IURP� OLWHUDWXUH� DQG� FDVH� VWXGLHV�� 7KHVH�
VFHQDULRV� FRYHUHG� D� ZLGH� UDQJH� RI� JHRWHFKQLFDO� FRQGLWLRQV��
W\SLFDO�RI�VDQG\±FOD\H\�HPEDQNPHQWV��

7KH�IX]]\�LQIHUHQFH�V\VWHP�GHPRQVWUDWHG�VWURQJ�FDSDELOLW\�LQ�
LGHQWLI\LQJ�KLJK�ULVN�VORSH�VFHQDULRV�WKDW�WUDGLWLRQDO�GHWHUPLQLVWLF�
PRGHOV� PLJKW� XQGHUHVWLPDWH�� 6ORSHV� ZLWK� ORZ� FRKHVLRQ� �����
N3D��� VWHHS� DQJOHV� �!������ DQG� VKDOORZ� DQFKRUDJH GHSWK�
FRQVLVWHQWO\� SURGXFHG� KLJK� 5LVN� ,QGH[� YDOXHV� �!������ DOLJQLQJ�
ZLWK� NQRZQ� LQVWDELOLW\� FDVHV��&RQYHUVHO\�� VORSHV�ZLWK�PRGHUDWH�
JHRPHWU\� DQG� VXIILFLHQW� DQFKRULQJ� UHWXUQHG� ORZ� 5LVN� ,QGH[�
YDOXHV���������FRQILUPLQJ�WKH�PRGHO
V�FRQVLVWHQF\�ZLWK�H[SHFWHG�
HQJLQHHULQJ�EHKDYLRU��7KHVH�ILQGLQJV�DUH�YLVXDOO\�VXPPDUL]HG�LQ�
)LJXUH� ��� ZKLFK� SORWV� WKH� 5LVN� ,QGH[� GLVWULEXWLRQ� DFURVV� DOO�
HYDOXDWHG� VFHQDULRV�� 6HQVLWLYLW\� DQDO\VLV� UHYHDOHG� WKDW� WKH� PRVW�
LQIOXHQWLDO�SDUDPHWHUV�RQ�WKH�IX]]\�RXWSXW�ZHUH�DQFKRU�FDSDFLW\��
VORSH�DQJOH��DQG�GHSWK�WR�EHGURFN��,Q�SDUWLFXODU��FKDQJHV�LQ�VORSH�
DQJOH�UHVXOWHG�LQ�D�QRQ�OLQHDU�VKLIW�LQ�5LVN�,QGH[��HVSHFLDOO\�QHDU�
WKH����±����WUDQVLWLRQ�]RQH��)LJXUH���SUHVHQWV�D��'�VXUIDFH�SORW�
VKRZLQJ�WKH�FRPELQHG�HIIHFW�RI�VORSH�DQJOH�DQG�FRKHVLRQ�RQ�ULVN�
FODVVLILFDWLRQ� DV� DQ� H[DPSOH�� 7KLV� ILJXUH� FRQILUPV� WKDW� VWHHS�
VORSHV� ZLWK� ZHDN� VRLO� FRQGLWLRQV� \LHOG� VLJQLILFDQWO\� KLJKHU� ULVN�
OHYHOV�� HYHQ�ZKHQ�DQFKRULQJ� LV�SUHVHQW�� VXJJHVWLQJ� WKH�QHHG� IRU�
PXOWL�WLHUHG� VWDELOL]DWLRQ� VWUDWHJLHV�� $� PDMRU� DGYDQWDJH� RI� WKH�
IX]]\� V\VWHP� LV� LWV� LQWHUSUHWDELOLW\�� (DFK� IX]]\� RXWSXW� FDQ� EH�
WUDFHG� EDFN� WR� WKH� DFWLYDWHG� UXOH�V�� WKDW� SURGXFHG� LW�� RIIHULQJ�
WUDQVSDUHQF\� LQ� GHFLVLRQ�PDNLQJ�� )RU� H[DPSOH�� VFHQDULRV� LQ�
ZKLFK� 5XOH� ��� �,)� VORSH� DQJOH� LV� KLJK� $1'� FRKHVLRQ� LV� ORZ�
$1'� DQFKRU� LV� VKRUW� 7+(1� ULVN� LV� KLJK�� ZDV� WULJJHUHG�
FRQVLVWHQWO\ DOLJQHG ZLWK DFWXDO IDLOXUH FDVHV� 7DEOH ��
VXPPDUL]HV� WKH�PRVW� IUHTXHQWO\�DFWLYDWHG� UXOHV� LQ� WKH�GDWDEDVH��
DORQJ�ZLWK�WKHLU�DVVRFLDWHG�RXWFRPH�FODVVLILFDWLRQV��7KLV�SURYLGHV�
D�NQRZOHGJH�EDVHG�MXVWLILFDWLRQ�IRU�VORSH�DVVHVVPHQW�UDWKHU�WKDQ�
UHO\LQJ�VROHO\�RQ�QXPHULFDO�WKUHVKROGV��

6HYHUDO� ILHOG� FDVH� VWXGLHV� ZHUH� XVHG� WR� YDOLGDWH� WKH� IX]]\�
PRGHO
V� SUHGLFWLRQV�� ,Q�PRVW� FDVHV�� WKH� 5LVN� ,QGH[� DVVLJQHG� E\�
WKH� V\VWHP� PDWFKHG� WKH� TXDOLWDWLYH� DVVHVVPHQWV� SURYLGHG� E\�
HQJLQHHUV�GXULQJ�WKH�SURMHFW¶V�GHVLJQ�RU�SRVW�IDLOXUH�LQYHVWLJDWLRQ�
SKDVHV� ,Q VRPH LQVWDQFHV� WKH IX]]\ V\VWHP LGHQWLILHG�
³ERUGHUOLQH´� ULVNV� ZKHUH� WKH� GHWHUPLQLVWLF� IDFWRU� RI� VDIHW\� ZDV�
MXVW� DERYH� ����� EXW� ILHOG� FRQGLWLRQV� VXJJHVWHG� ODWHQW� LQVWDELOLW\��
7KHVH� FDVHV� KLJKOLJKW� WKH� PRGHO¶V� YDOXH� LQ� FDWFKLQJ� JUH\� DUHDV�
ZKHUH� FRQYHQWLRQDO�PHWKRGV�PD\�RYHUHVWLPDWH� VWDELOLW\�� )LJXUH�
��� LOOXVWUDWHV� RQH� VXFK� FDVH� VWXG\�FRPSDULVRQ�� 7KH� ILQDO�PRGHO

LQWHUIDFH� DOORZV� XVHUV� WR� HQWHU� VL[� LQSXW� YDULDEOHV� DQG� UHFHLYH�
LPPHGLDWH�IHHGEDFN�RQ�VORSH�FODVVLILFDWLRQ�DORQJ�ZLWK�JUDSKLFDO�
YLVXDOL]DWLRQ�RI�ULVN��7KLV�IHDWXUH�WUDQVIRUPV�WKH�IX]]\�PRGHO�LQWR�
D� SUDFWLFDO� GHFLVLRQ�VXSSRUW� WRRO�� (QJLQHHUV� FDQ� SHUIRUP� UDSLG�
HYDOXDWLRQV�ZLWKRXW�WKH�QHHG�IRU�H[KDXVWLYH�QXPHULFDO�PRGHOLQJ��
)LJXUH� ��� VKRZV� D� VFUHHQVKRW� RI� WKH� PRGHO
V� RXWSXW� ZLQGRZ��
ZKLFK�LQFOXGHV�WKH�GHIX]]LILHG�5LVN�,QGH[��ULVN�FDWHJRU\��DQG�WKH�
DFWLYDWHG�IX]]\�UXOHV��7KH�PRGHO�FDQ�EH�DGDSWHG�IRU�VLWH�VSHFLILF�
FDOLEUDWLRQV�E\�DGMXVWLQJ�PHPEHUVKLS�IXQFWLRQV�RU�H[WHQGLQJ�WKH�
UXOH�EDVH�

Fig. 8�5,�GLVWULEXWLRQ�IRU�VWXGLHG�FDVHV

Fig. 9�&RPELQHG�HIIHFW�RI�VORSH�DQJOH�DQG�FRKHVLRQ�RQ�5,

Fig. 10�&RPSDULVRQ�EHWZHHQ�ILHOG�REVHUYDWLRQ�RI����FDVHV�DQG�
IX]]\�PRGHO�RXWSXW
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Fig. 11�$�PRGHO
V�RXWSXW�ZLQGRZ�LQ�0$7/$%

:KLOH� WKH� IX]]\� ORJLF� PRGHO� SURYLGHV� D� IOH[LEOH� DQG� UREXVW�
SODWIRUP� IRU� VORSH� ULVN� HYDOXDWLRQ�� LW� GRHV� QRW� UHSODFH� GHWDLOHG�
QXPHULFDO� RU� VLWH�VSHFLILF� DQDO\VHV�� 7KH�PRGHO� LV�PRVW� VXLWDEOH�
IRU� SUHOLPLQDU\� VFUHHQLQJ�� IHDVLELOLW\� VWXGLHV�� DQG� VLWXDWLRQV�
ZKHUH�GDWD�XQFHUWDLQW\� LV�VLJQLILFDQW��)XWXUH� LPSURYHPHQWV�PD\�
LQFOXGH�K\EULGL]DWLRQ�ZLWK�SUREDELOLVWLF�PRGHOV�RU�FRXSOLQJ�ZLWK�
ILQLWH� HOHPHQW� VLPXODWLRQV� WR� UHILQH� DQFKRU±VRLO� LQWHUDFWLRQ�
PRGHOLQJ�� $GGLWLRQDOO\�� LQWHJUDWLQJ� UHDO�WLPH� PRQLWRULQJ� GDWD�
LQWR�WKH�IX]]\�ORJLF�V\VWHP�FRXOG�HQKDQFH�LWV�SUHGLFWLYH�FDSDFLW\�
IRU�RQJRLQJ�VORSH�EHKDYLRU��

7R� IXUWKHU� HYDOXDWH� WKH� UREXVWQHVV� RI� WKH� SURSRVHG� IX]]\�
LQIHUHQFH� V\VWHP�� DQ� H[SOLFLW� XQFHUWDLQW\� SURSDJDWLRQ� DQDO\VLV�
ZDV� FRQGXFWHG�� :KLOH� WKH� PRGHO� LQKHUHQWO\� DFFRPPRGDWHV�
LPSUHFLVLRQ� WKURXJK� OLQJXLVWLF� PHPEHUVKLS� IXQFWLRQV�� LW� LV�
LPSRUWDQW� WR� TXDQWLWDWLYHO\� DVVHVV� KRZ� YDULDELOLW\� LQ� NH\�
JHRWHFKQLFDO� SDUDPHWHUV� DIIHFWV� WKH� 5,�� ,Q� SUDFWLFDO� VORSH�
HQJLQHHULQJ��VRLO�SDUDPHWHUV�VXFK�DV�FRKHVLRQ�DQG�IULFWLRQ�DQJOH�
DUH�UDUHO\�NQRZQ�ZLWK�H[DFW�SUHFLVLRQ��/DERUDWRU\�GHULYHG�YDOXHV

PD\�YDU\�E\����±�����GHSHQGLQJ�RQ�VDPSOLQJ�TXDOLW\�DQG� WHVW�
FRQGLWLRQV�� 7KHUHIRUH�� FRQWUROOHG� SHUWXUEDWLRQ� VFHQDULRV� ZHUH�
LQWURGXFHG�WR�LQYHVWLJDWH�WKH�VHQVLWLYLW\�DQG�VWDELOLW\�RI�WKH�IX]]\�
PRGHO�XQGHU�SDUDPHWHU�XQFHUWDLQW\��

$� SDUDPHWULF� VWXG\� ZDV� ILUVW� SHUIRUPHG� E\� YDU\LQJ� Fƍ� E\�
�����ZKLOH�KROGLQJ�RWKHU�SDUDPHWHUV�FRQVWDQW�DW�EDVHOLQH�YDOXHV�
UHSUHVHQWDWLYH�RI�PRGHUDWHO\�VWDEOH�VDQG\±FOD\H\�HPEDQNPHQWV��
7KH� UHVXOWV� LQGLFDWH� WKDW� D� ���� UHGXFWLRQ� LQ� FRKHVLRQ�SURGXFHG�
DQ� DYHUDJH� LQFUHDVH� RI� ����� LQ� WKH� 5,�� ZKLOH� D� ���� LQFUHDVH�
UHGXFHG�WKH�5,�E\�DSSUR[LPDWHO\�������1RWDEO\��WKH�FKDQJH�LQ�5,�
ZDV� QRQOLQHDU�� ZLWK� VKDUSHU� LQFUHDVHV� REVHUYHG� ZKHQ� FRKHVLRQ�
GURSSHG� EHORZ� ��� N3D�� 7KLV� EHKDYLRU� UHIOHFWV� WKH� WKUHVKROG��
VHQVLWLYH� VWUXFWXUH� RI� WKH� IX]]\� UXOH� EDVH�� ZKHUH�PXOWLSOH� KLJK��
ULVN�UXOHV�EHFRPH�DFWLYDWHG�VLPXOWDQHRXVO\�RQFH�FRKHVLRQ�HQWHUV�
WKH� ³ORZ´� OLQJXLVWLF� FDWHJRU\�� )LJXUH� ��� LOOXVWUDWHV� WKH�HIIHFW�RI�
����� YDULDWLRQ� LQ� Fƍ� RQ� WKH� UHVXOWLQJ� 5,� IRU� D� UHSUHVHQWDWLYH�
DQFKRUHG� VORSH� VFHQDULR� ZLWK� IL[HG� JHRPHWU\� DQG� DQFKRU�
SURSHUWLHV�� 7KH� EDVHOLQH� FRKHVLRQ� YDOXH� FRUUHVSRQGV� WR� D�
PRGHUDWHO\� VWDEOH� VDQG\±FOD\H\� HPEDQNPHQW�� $V� FRKHVLRQ�
GHFUHDVHV� EHORZ� WKH� EDVHOLQH� �í������ WKH�5LVN� ,QGH[� LQFUHDVHV�
QRQOLQHDUO\�� UHIOHFWLQJ� WKH� DFWLYDWLRQ� RI� KLJK�ULVN� IX]]\� UXOHV�
DVVRFLDWHG� ZLWK� ZHDN� VRLO� FRQGLWLRQV�� &RQYHUVHO\�� LQFUHDVLQJ�
FRKHVLRQ� E\� ����� UHGXFHV� WKH� 5,�� LQGLFDWLQJ� LPSURYHG� VKHDU�
UHVLVWDQFH� DQG� HQKDQFHG� VWDELOLW\�� 7KH� FXUYH� GHPRQVWUDWHV� WKDW�
WKH� IX]]\� PRGHO� GRHV� QRW� UHVSRQG� LQ� D� VWULFWO\� OLQHDU� PDQQHU��
LQVWHDG� LW FDSWXUHV WUDQVLWLRQDO EHKDYLRU QHDU OLQJXLVWLF�
ERXQGDULHV� �H�J���EHWZHHQ� ³PHGLXP´� DQG� ³ORZ´�FRKHVLRQ���7KLV�
QRQOLQHDU� UHVSRQVH� KLJKOLJKWV� WKH� VHQVLWLYLW\� RI� DQFKRUHG� VORSH�
VWDELOLW\�WR�UHGXFWLRQV�LQ�VKHDU�VWUHQJWK�DQG�FRQILUPV�WKH�PRGHO¶V�
FDSDELOLW\�WR�UHIOHFW�WKUHVKROG�GULYHQ�LQVWDELOLW\�EHKDYLRU�

Table 1�7KH�VHYHUDO�IX]]\�UXOHV�LQ�5,�PRGHOLQJ
5XOH�,' )X]]\�UXOH�GHVFULSWLRQ $FWLYDWLRQ�FRXQW 5,�FDWHJRU\
5� ,)�VORSH�LV�KLJK�$1'�FRKHVLRQ�LV�ORZ�7+(1�ULVN�LV�KLJK �� +LJK�
5� ,)�VORSH�LV�PRGHUDWH�$1'�FRKHVLRQ�LV�PHGLXP�7+(1�ULVN�LV�PHGLXP �� 0HGLXP�
5� ,)�VORSH�LV�ORZ�$1'�FRKHVLRQ�LV�KLJK�7+(1�ULVN�LV�ORZ �� /RZ�
5� ,)�DQFKRU�LV�VKRUW�$1'�GHSWK�LV�GHHS�7+(1�ULVN�LV�KLJK �� +LJK�
5� ,)�DQFKRU�LV�ORQJ�$1'�FRKHVLRQ�LV�PHGLXP�7+(1�ULVN�LV�ORZ �� /RZ�
5� ,)�IULFWLRQ�LV�ORZ�$1'�VORSH�LV�KLJK�7+(1�ULVN�LV�KLJK � +LJK�
5� ,)�GHSWK�LV�VKDOORZ�$1'�DQFKRU�FDSDFLW\�LV�KLJK�7+(1�ULVN�LV�ORZ �� /RZ�
5� ,)�FRKHVLRQ�LV�PHGLXP�$1'�VORSH�LV�VWHHS�7+(1�ULVN�LV�PHGLXP �� 0HGLXP�
5� ,)�VORSH�LV�VWHHS�$1'�IULFWLRQ�LV�ORZ�7+(1�ULVN�LV�KLJK �� +LJK�
5�� ,)�DQFKRU�LV�ORQJ�$1'�VORSH�LV�JHQWOH�7+(1�ULVN�LV�ORZ �� /RZ�
5�� ,)�FRKHVLRQ�LV�KLJK�$1'�DQFKRU�FDSDFLW\�LV�KLJK�7+(1�ULVN�LV�ORZ �� /RZ�
5�� ,)�VORSH�LV�PRGHUDWH�$1'�DQFKRU�LV�PHGLXP�7+(1�ULVN�LV�PHGLXP �� 0HGLXP�
5�� ,)�EHGURFN�LV�GHHS�$1'�DQFKRU�LV�VKRUW�7+(1�ULVN�LV�KLJK �� +LJK�
5�� ,)�IULFWLRQ�LV�KLJK�$1'�FRKHVLRQ�LV�PHGLXP�7+(1�ULVN�LV�ORZ �� /RZ�
5�� ,)�FRKHVLRQ�LV�ORZ�$1'�GHSWK�LV�VKDOORZ�7+(1�ULVN�LV�KLJK � /RZ�
5�� ,)�DQFKRU�LV�PHGLXP�$1'�VORSH�LV�PRGHUDWH�7+(1�ULVN�LV�PHGLXP �� 0HGLXP�
5�� ,)�GHSWK�LV�PRGHUDWH�$1'�DQFKRU�FDSDFLW\�LV�PHGLXP�7+(1�ULVN�LV�PHGLXP �� 0HGLXP�
5�� ,)�VORSH�LV�VWHHS�$1'�DQFKRU�LV�VKRUW�7+(1�ULVN�LV�KLJK �� +LJK�
5�� ,)�IULFWLRQ�LV�PRGHUDWH�$1'�FRKHVLRQ�LV�PRGHUDWH�7+(1�ULVN�LV�PHGLXP �� /RZ�
5�� ,)�EHGURFN�LV�VKDOORZ�$1'�DQFKRU�LV�ORQJ�7+(1�ULVN�LV�ORZ �� /RZ�
5�� ,)�FRKHVLRQ�LV�PHGLXP�$1'�GHSWK�LV�PRGHUDWH�7+(1�ULVN�LV�PHGLXP �� 0HGLXP�
5�� ,)�DQFKRU�FDSDFLW\�LV�ORZ�$1'�VORSH�LV�VWHHS�7+(1�ULVN�LV�KLJK �� +LJK�
5�� ,)�DQFKRU�OHQJWK�LV�ORQJ�$1'�GHSWK�LV�GHHS�7+(1�ULVN�LV�ORZ �� /RZ�
5�� ,)�FRKHVLRQ�LV�ORZ�$1'�IULFWLRQ�LV�ORZ�7+(1�ULVN�LV�KLJK � +LJK�
5�� ,)�DQFKRU�LV�VKRUW�$1'�VORSH�LV�PRGHUDWH�7+(1�ULVN�LV�PHGLXP �� 0HGLXP
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Fig. 12�(IIHFW�RI������YDULDWLRQ�RI�F
�RQ�WKH�5,�IRU�D Fig. 13�'HWHUPLQLVWLF�)R6�DQG�5,�UHVSRQVH�XQGHU������F
�YDULDWLRQ�
UHSUHVHQWDWLYH�VORSH�VFHQDULR

Fig. 14�7RUQDGR�FKDUW�IRU�WKH�5,
V�UHODWLYH�VHQVLWLYLW\�LQ�LQSXW�SDUDPHWHUV

)RU� FRPSDULVRQ�� WKH� VDPH� ����� FRKHVLRQ� SHUWXUEDWLRQ� ZDV�
DSSOLHG�WR�WKH�)R6�HTXDWLRQ��7KH�)R6�H[KLELWHG�D�OLQHDU�UHVSRQVH��
ZLWK�D�SURSRUWLRQDO�GHFOLQH�RI�DSSUR[LPDWHO\�����ZKHQ�FRKHVLRQ�
GHFUHDVHG� E\� ����� +RZHYHU�� WKH� GHWHUPLQLVWLF� PRGHO� GLG� QRW�
UHIOHFW� WKH� WUDQVLWLRQDO� ULVN� HVFDODWLRQ� REVHUYHG� LQ� WKH� IX]]\�
V\VWHP� ,Q VHYHUDO ERUGHUOLQH FDVHV �)R6 § ������ WKH�
GHWHUPLQLVWLF� RXWSXW� UHPDLQHG� DERYH� WKH� ���� WKUHVKROG��ZKHUHDV�
WKH�IX]]\�PRGHO�VKLIWHG�FODVVLILFDWLRQ�IURP�³UHTXLULQJ�DWWHQWLRQ´�
WR�³XQVWDEOH�´�7KLV�GHPRQVWUDWHV� WKH�HQKDQFHG�VHQVLWLYLW\�RI�WKH�
IX]]\� DSSURDFK� WR� WKUHVKROG�GULYHQ� LQVWDELOLW\� EHKDYLRU�� )LJXUH�
��� SUHVHQWV� D� FRPSDULVRQ� EHWZHHQ� WKH� )R6� DQG� WKH� 5,� XQGHU�
����� YDULDWLRQ� LQ� FRKHVLRQ�� 7KH� GHWHUPLQLVWLF� )R6� VKRZV� DQ�
DSSUR[LPDWHO\�OLQHDU� UHVSRQVH� WR�FRKHVLRQ�FKDQJHV��ZKHUHDV�WKH�
IX]]\� 5,� H[KLELWV� D� QRQOLQHDU� LQFUHDVH�� SDUWLFXODUO\� ZKHQ�
FRKHVLRQ�GHFUHDVHV�EHORZ�EDVHOLQH�OHYHOV��7KLV�EHKDYLRU�UHIOHFWV

WKH�UXOH�EDVHG�VWUXFWXUH�RI�WKH�IX]]\�PRGHO��ZKLFK�DPSOLILHV�ULVN�
QHDU� VWDELOLW\� WKUHVKROGV�� 7KH� FRPSDULVRQ� GHPRQVWUDWHV� WKDW� WKH�
IX]]\�V\VWHP�LV�PRUH�VHQVLWLYH�WR�XQFHUWDLQW\�LQGXFHG�LQVWDELOLW\��
HVSHFLDOO\�XQGHU�PDUJLQDO�VDIHW\�FRQGLWLRQV��

7R� V\VWHPDWLFDOO\� UDQN� SDUDPHWHU� LQIOXHQFH�� D� WRUQDGR�
VHQVLWLYLW\� DQDO\VLV� ZDV� FRQGXFWHG� DQG� SUHVHQWHG� LQ� )LJXUH� ����
(DFK� LQSXW� YDULDEOH�ZDV� LQGHSHQGHQWO\�SHUWXUEHG�E\�������DQG�
WKH� UHVXOWLQJ� FKDQJH� LQ�5,�ZDV� UHFRUGHG��7KH� UHVXOWV� VKRZ� WKDW�
VORSH� DQJOH� DQG� DQFKRU� FDSDFLW\� H[HUW� WKH� ODUJHVW� LQIOXHQFH��
IROORZHG� E\�FRKHVLRQ� DQG� GHSWK� WR� EHGURFN�� )ULFWLRQ� DQJOH� DQG�
DQFKRU� OHQJWK� H[KLELWHG� FRPSDUDWLYHO\� ORZHU� VHQVLWLYLW\�� 7KLV�
UDQNLQJ� FRQILUPV� WKDW� JHRPHWULF� DQG� UHLQIRUFHPHQW� SDUDPHWHUV�
GRPLQDWH� WKH� XQFHUWDLQW\� SURSDJDWLRQ� PHFKDQLVP� LQ� DQFKRUHG�
VORSHV��7KH�WRUQDGR�FKDUW�LOOXVWUDWHV�WKH�UHODWLYH�VHQVLWLYLW\�RI�WKH�
5,� WR� ����� YDULDWLRQ� LQ� HDFK� LQSXW� SDUDPHWHU�� 7KH� KRUL]RQWDO
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EDUV�UHSUHVHQW�WKH�DEVROXWH�FKDQJH�LQ�5,�UHVXOWLQJ�IURP�FRQWUROOHG�
SHUWXUEDWLRQ� RI� LQGLYLGXDO YDULDEOHV ZKLOH NHHSLQJ� RWKHUV�
FRQVWDQW�� 7KH� UHVXOWV� LQGLFDWH� WKDW� VORSH� DQJOH� DQG� DQFKRU�
FDSDFLW\�H[HUW�WKH�VWURQJHVW�LQIOXHQFH�RQ�WKH�ULVN�RXWSXW��IROORZHG�
E\� FRKHVLRQ� DQG� GHSWK� WR� EHGURFN�� )ULFWLRQ� DQJOH� DQG� DQFKRU�
OHQJWK� H[KLELW� FRPSDUDWLYHO\� ORZHU� VHQVLWLYLW\�� 7KLV� UDQNLQJ�
FRQILUPV� WKDW� JHRPHWULF� DQG� UHLQIRUFHPHQW�UHODWHG� SDUDPHWHUV�
GRPLQDWH� XQFHUWDLQW\� SURSDJDWLRQ� LQ� DQFKRUHG� VORSH� VWDELOLW\�
DVVHVVPHQW��

7KH� WRUQDGR� FKDUW� SURYLGHV� IXUWKHU� LQVLJKW� LQWR� WKH� LQWHUQDO�
PHFKDQLFV� RI� WKH� IX]]\� LQIHUHQFH� V\VWHP� E\� TXDQWLWDWLYHO\�
UDQNLQJ� WKH� LQIOXHQFH� RI� HDFK� SDUDPHWHU� RQ� WKH� 5,�� %H\RQG�
LGHQWLI\LQJ� WKH�PRVW�VHQVLWLYH�YDULDEOHV�� WKH�FKDUW� KLJKOLJKWV� WKH�
DV\PPHWULF�QDWXUH�RI�XQFHUWDLQW\�SURSDJDWLRQ�ZLWKLQ� WKH�PRGHO��
3DUDPHWHUV� DVVRFLDWHG� ZLWK� VORSH� JHRPHWU\� DQG� UHLQIRUFHPHQW�
FDSDFLW\ LQGXFH GLVSURSRUWLRQDWHO\ ODUJHU VKLIWV LQ ULVN�
FODVVLILFDWLRQ�ZKHQ�SHUWXUEHG��LQGLFDWLQJ�WKDW�VPDOO�GHYLDWLRQV�LQ�
WKHVH� LQSXWV� PD\� VLJQLILFDQWO\� DOWHU� VWDELOLW\� LQWHUSUHWDWLRQ�� ,Q�
FRQWUDVW��SDUDPHWHUV�ZLWK�ORZHU�VHQVLWLYLW\�SURGXFH�PRUH�JUDGXDO�
YDULDWLRQV� LQ� 5,�� VXJJHVWLQJ� WKDW� WKHLU� XQFHUWDLQW\� KDV� D�
FRPSDUDWLYHO\� PRGHUDWHG� HIIHFW� RQ� GHFLVLRQ� RXWFRPHV�� 7KLV�
VWUXFWXUHG�VHQVLWLYLW\�DVVHVVPHQW�VWUHQJWKHQV�WKH�FUHGLELOLW\�RI�WKH�
SURSRVHG�IUDPHZRUN�E\�GHPRQVWUDWLQJ�WKDW�WKH�IX]]\�PRGHO�GRHV�
QRW� UHVSRQG� XQLIRUPO\� WR� DOO� LQSXWV�� UDWKHU�� LW� UHIOHFWV� UHDOLVWLF�
JHRWHFKQLFDO�EHKDYLRU�ZKHUH�FHUWDLQ�YDULDEOHV� LQKHUHQWO\�JRYHUQ�
IDLOXUH� PHFKDQLVPV�� %\� LQWHJUDWLQJ� XQFHUWDLQW\� SURSDJDWLRQ�
DQDO\VLV� ZLWK� UXOH�EDVHG� LQIHUHQFH�� WKH� PRGHO� HVWDEOLVKHV� D�
WUDQVSDUHQW�DQG�SK\VLFDOO\�PHDQLQJIXO�GHFLVLRQ�VXSSRUW�WRRO��7KH�
FRPELQHG� PHWKRGRORJLFDO� GHYHORSPHQW�� YDOLGDWLRQ� DJDLQVW� FDVH�
VFHQDULRV��DQG�VHQVLWLYLW\�HYDOXDWLRQ�FROOHFWLYHO\�FRQILUP�WKDW�WKH�
IX]]\�LQIHUHQFH�DSSURDFK�RIIHUV�D�UREXVW�SODWIRUP�IRU�SUHOLPLQDU\�
ULVN� DVVHVVPHQW� LQ� DQFKRUHG� VORSH� VWDELOL]DWLRQ� XQGHU� XQFHUWDLQ�
ILHOG�FRQGLWLRQV�

9� &21&/86,21�
7KLV� VWXG\� SUHVHQWHG� D� IX]]\� ORJLF±EDVHG� IUDPHZRUN� IRU�

DVVHVVLQJ� VORSH� LQVWDELOLW\� ULVN� LQ� VRLO� HPEDQNPHQWV� UHLQIRUFHG�
ZLWK� JURXQG� DQFKRUV�� %\� LQWHJUDWLQJ� VL[� NH\� JHRWHFKQLFDO�
SDUDPHWHUV� �L�H��� FRKHVLRQ�� IULFWLRQ� DQJOH�� VORSH� DQJOH�� DQFKRU�
FDSDFLW\�� DQFKRU� OHQJWK�� DQG� GHSWK� WR� EHGURFN��� ZLWKLQ� D�
0DPGDQL�W\SH� LQIHUHQFH� V\VWHP�� WKH� PRGHO� HQDEOHG� VWUXFWXUHG�
GHFLVLRQ�PDNLQJ XQGHU XQFHUWDLQW\� 8QOLNH FRQYHQWLRQDO�
GHWHUPLQLVWLF� VDIHW\� IDFWRU� DSSURDFKHV�� WKH� SURSRVHG� IUDPHZRUN�
SURYLGHG�ERWK�D�TXDQWLWDWLYH�5LVN�,QGH[�DQG�D�TXDOLWDWLYH�VWDELOLW\�
FODVVLILFDWLRQ��6DIH��5HTXLUHV�$WWHQWLRQ��RU�8QVWDEOH���HQKDQFLQJ�
LQWHUSUHWDELOLW\�LQ�HQJLQHHULQJ�SUDFWLFH��7KH�PRGHO�ZDV�FDOLEUDWHG�
DQG� HYDOXDWHG� XVLQJ� ���� UHSUHVHQWDWLYH� VORSH� VFHQDULRV� GHULYHG�
IURP�GRFXPHQWHG�FDVH�VWXGLHV��7KH�UHVXOWV�GHPRQVWUDWHG�WKDW�WKH�
IX]]\� V\VWHP� HIIHFWLYHO\� LGHQWLILHG� KLJK�ULVN� FRQILJXUDWLRQV��
SDUWLFXODUO\�LQ�VORSHV�FKDUDFWHUL]HG�E\�VWHHS�JHRPHWU\��ZHDN�VRLO�
FRQGLWLRQV�� DQG� LQVXIILFLHQW� DQFKRUDJH� FDSDFLW\�� 6HQVLWLYLW\�
DQDO\VLV�FRQILUPHG�WKDW�VORSH�DQJOH�DQG�DQFKRU�FDSDFLW\�H[HUW�WKH�
VWURQJHVW�LQIOXHQFH�RQ�WKH�5LVN�,QGH[��KLJKOLJKWLQJ�WKH�GRPLQDQW�
UROH� RI� JHRPHWULF� DQG� UHLQIRUFHPHQW� SDUDPHWHUV� LQ� LQVWDELOLW\�
PHFKDQLVPV��$�NH\�DGYDQWDJH�RI� WKH�SURSRVHG�DSSURDFK� OLHV� LQ�
LWV WUDQVSDUHQF\� 7KH UXOH�EDVHG VWUXFWXUH DOORZV HDFK�
FODVVLILFDWLRQ� WR� EH� WUDFHG� WR� VSHFLILF� OLQJXLVWLF� FRQGLWLRQV��
RIIHULQJ�LQVLJKW�LQWR�WKH�UHDVRQLQJ�EHKLQG�VWDELOLW\�DVVHVVPHQW��DQ

DVSHFW�RIWHQ�DEVHQW� LQ�SXUHO\�QXPHULFDO�PRGHOV��7KH�0$7/$%�
LPSOHPHQWDWLRQ�� VXSSRUWHG� E\� D� JUDSKLFDO� LQWHUIDFH�� HQKDQFHV�
SUDFWLFDO DSSOLFDELOLW\ DQG IDFLOLWDWHV UDSLG SUHOLPLQDU\�
HYDOXDWLRQ��9DOLGDWLRQ� DJDLQVW� ILHOG� REVHUYDWLRQV� VKRZHG� VWURQJ�
DJUHHPHQW� EHWZHHQ� IX]]\� SUHGLFWLRQV� DQG� H[SHUW� DVVHVVPHQWV��
FRQILUPLQJ� WKH� UHOLDELOLW\� RI� WKH� IUDPHZRUN�� 6R�� WKH� SURSRVHG�
PRGHO� SURYLGHV� D� IOH[LEOH� DQG� UREXVW� GHFLVLRQ�VXSSRUW� WRRO� IRU�
SUHOLPLQDU\ VORSH ULVN VFUHHQLQJ DQG IHDVLELOLW\ VWXGLHV��
SDUWLFXODUO\�LQ�VLWXDWLRQV�ZKHUH�JHRWHFKQLFDO�GDWD�DUH�LQFRPSOHWH�
RU� XQFHUWDLQ��:KLOH� QRW� LQWHQGHG� WR� UHSODFH� GHWDLOHG� QXPHULFDO�
DQDO\VHV� WKH IX]]\ IUDPHZRUN HIIHFWLYHO\ FRPSOHPHQWV�
WUDGLWLRQDO� PHWKRGV� E\� LQFRUSRUDWLQJ� XQFHUWDLQW\� LQWR� VWDELOLW\�
HYDOXDWLRQ�
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