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SXEOLF�E\�WKH�8QLWHG�6WDWHV¶�1DWLRQDO�+XUULFDQH�&HQWHU��1+&���FDQ�HVWLPDWH�WKH�SUREDELOLW\�RI�ZLQG�VSHHG�LQ�WKH�YL�
FLQLW\ �RI �D �7& �GXULQJ �WKH �IRUHFDVW �SHULRG� �,W �KDV �EHHQ �VXFFHVVIXO �LQ �WKH �RSHUDWLRQDO �HQYLURQPHQW �IRU �PDQ\ �\HDUV�
+RZHYHU��GXH�WR�LWV�VWURQJ�GHSHQGHQFH�RQ�D�JLYHQ�IRUHFDVW�WUDFN��H�J���IRUHFDVW�IURP�WKH�1&(3�*OREDO�)RUHFDVW�6\V�
WHP�� �WKH �0&3�PRGHO �PD\ �JHQHUDWH �D �SRRU �SUREDELOLW\ �PDS �IRU �7&V �QHDU �ODQGIDOO� �,Q �WKLV �VWXG\� �ZH �SURSRVHG �DQG
WHVWHG�D�PRGLILHG�0&3�PHWKRG�IRU�7&�IRUHFDVWV�QHDU�ODQGIDOO��:H�ILUVW�DGMXVWHG�WKH�0&3�PRGHO�E\�DGGLQJ�OLPLWV�WR
WKH�GLUHFWLRQ�DQJOH�DQG�PRWLRQ�GLVWDQFH�WR�GHDO�ZLWK�WKH�VXEVWDQWLDO�FKDQJH�LQ�7&�PRYLQJ�GLUHFWLRQ�DQG�WKH�ORZ�ZLQG
VSHHGV �GXULQJ �ODQGIDOO� �7KHQ� �ZH �FRPELQHG �HQVHPEOH �SUREDELOLW\ �PDSV �JHQHUDWHG �IURP�(&0:)� �8QLWHG �.LQJGRP
0HW�2IILFH��8.02���DQG�1&(3�HQVHPEOH�IRUHFDVWV��REWDLQHG�IURP�7KH�,QWHUQDWLRQDO�*UDQG�*OREDO�(QVHPEOH��7,**(���LQWR
WKH �0&3�PRGHO �WR �FRQILJXUH �D �PRGLILHG �0&3�PRGHO� �:LQG�VSHHG�SUREDELOLW\ �PDSV �IRU �WKH ��±����K�IRUHFDVW �IURP
ERWK�WKH�RULJLQDO�DQG�PRGLILHG�0&3�PRGHOV�DUH�FRPSDUHG��,W�LV�IRXQG�WKDW�WKH�PRGLILHG�0&3�PRGHO�FDQ�SURYLGH�D
EHWWHU�ZLQG�VSHHG�SUREDELOLW\�PDS�GXULQJ�ODQGIDOO��HVSHFLDOO\�DW�ZLQG�VSHHGV�RI���±���NW�QHDU�7&�ODQGIDOO��7KH�UHV�
XOWV�IURP�WKLV�VWXG\�SURYH�WKH�EHQHILWV�RI�FRPELQLQJ�WKH�0&3�PRGHO�ZLWK�HQVHPEOH�IRUHFDVWLQJ�LQ�SRWHQWLDO�DSSOLFD�
WLRQV�IRU�LPSURYHG�7&�IRUHFDVWV�
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$FFXUDWH �IRUHFDVWV �RI �WURSLFDO �F\FORQHV ��7&V�� �HVSH�
FLDOO\�ODQGIDOOLQJ�KXUULFDQHV��DUH�FUXFLDO�IRU�UHGXFLQJ�WKH
GDPDJH �WKH\ �FDXVH ��6PLWK� ������� �'HVSLWH �SURJUHVV �LQ
QXPHULFDO �ZHDWKHU �SUHGLFWLRQ ��%DXHU �HW �DO�� ������ �DQG
VWDWLVWLFDO �IRUHFDVW ��'H0DULD �HW �DO�� ������� �IRUHFDVW �HUURU
PLWLJDWLRQ�LV�GLIILFXOW�GXH�WR�WKH�FRPSOH[LW\�RI�7&�HYROX�
WLRQ�DQG�WKH�ODFN�RI�REVHUYDWLRQV��5DSSDSRUW�HW�DO��������
(PDQXHO�DQG�=KDQJ���������7R�RYHUFRPH�IRUHFDVW�XQFHU�
WDLQW\�DQG�SURYLGH�HDUO\�ZDUQLQJ�IRU�7&V��D�7&�SUREDELO�
LW\ �SURJUDP �ZDV �LPSOHPHQWHG �LQ ����� ��6KHHWV� ������
ZLWK�VXSSRUW�IURP�WKH�1DWLRQDO�+XUULFDQH�&HQWHU��1+&��
:LWK�WKLV�SURJUDP�����\U�VDPSOHV�RI�RIILFLDO�IRUHFDVW�HU�
URUV�DUH�FRPSRVLWHG�UHODWLYH�WR�WKH�IRUHFDVW�SRVLWLRQ�DW�WKH
GLVFUHWH�IRUHFDVW�YHULILFDWLRQ�WLPHV�RI�������������DQG����K

�XS �WR ���� �K �DIWHU ������� �7KHVH �SURYLGH �LQIRUPDWLRQ �RQ
WKH�OLNHOLKRRG�RI�D�VWRUP�RI�LQWHUHVW�PRYLQJ�RYHU�D�JLYHQ
DUHD� �)ROORZLQJ �WKLV �HIIRUW�� 'H0DULD �HW �DO� �������� GH�
YHORSHG�D�0RQWH�&DUOR�SUREDELOLW\��0&3��PRGHO�WR�JHQ�
HUDWH �D �7&�ZLQG �SUREDELOLW\ �PDS �DW �LQGLYLGXDO� ORFDWLRQV
GXULQJ�D ��±����K�IRUHFDVW �SHULRG� �,Q�WKLV �ZLQG�SUREDELO�
LW\ �PRGHO� �UDQGRP �VDPSOHV �IURP �WKH �SDVW �ILYH �\HDUV �RI
IRUHFDVW �HUURUV �>XVXDOO\ �ZLWK �D �VDPSOH �VL]H �RI ������ �DV
VXJJHVWHG�E\�'H0DULD�HW�DO��������@�DUH�UHTXLUHG�WR�JHQ�
HUDWH �F\FORQH �WUDFN� �LQWHQVLW\� �DQG �FRUUHVSRQGLQJ �UDGLL
UHDOL]DWLRQV�>ZLWK�WKH�VLPSOH�FOLPDWRORJ\�DQG�SHUVLVWHQFH
PRGHO ��UDGLL�&/,3(5���.QDII �HW �DO�� �����@ �EDVHG �RQ �DQ
RIILFLDO�IRUHFDVW�WUDFN�IURP�1+&��7KHVH�JHQHUDWHG�UHDOL]�
DWLRQV�FDQ�WKHQ�EH�XVHG�WR�SURGXFH�D�SUREDELOLW\�PDS�LQ�D
VLQJOH�IRUHFDVW�UHVXOW �E\�FRXQWLQJ�WKH�QXPEHU�RI�UHDOL]D�
WLRQV�IRU�ZKLFK�WKH�SRLQW�LV�LQVLGH�WKH�UDGLXV�RI�WKH�ZLQG

�
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VSHHG�WKUHVKROG�RI�LQWHUHVW��H�J�����������DQG����NW��ZKHUH
��NW� ��������P�Ví���
7R �QDUURZ �WKH �IRUHFDVW �WUDFN �HUURU �GLVWULEXWLRQ� �DIWHU

����� �WKH �1+& �LQWURGXFHG �WKH �*RHUVV �SUHGLFWHG �FRQ�
VHQVXV�HUURU��*3&(��*RHUVV��������LQWR�WKH�0&3�PRGHO
WR �JHQHUDWH �D �PRUH �UHOHYDQW �ZLQG �SUREDELOLW\ �PDS� �7KH
GLIIHUHQW�*3&(�VHOHFWLRQV�DW�GLIIHUHQW�IRUHFDVW�WLPHV�OHDG
WR�D�VOLJKW�LPSURYHPHQW�LQ�0&3�PRGHO�IRUHFDVWV�LQ�PRVW
FDVHV ��'H0DULD �HW �DO�� ������� �0HDQZKLOH� �EHFDXVH �RI
ZHOO�GLVWULEXWHG �KLVWRULFDO �HUURUV �ZLWK �D �PHDQ �YDOXH �RI
DERXW�]HUR��'H0DULD�HW�DO����������WKH�0&3�PRGHO�JHQHU�
DWHV �WUDFN �UHDOL]DWLRQV �WKDW �DUH �DOZD\V �GLVWULEXWHG �DORQJ
WKH �JLYHQ �IRUHFDVW �WUDFN� �:KHQ �WKHUH �DUH �VWURQJ �VSUHDGV
EHWZHHQ �WKH �IRUHFDVW �DQG �EHVW �WUDFN �>L�H�� �WKH �SRVWVWRUP
EHVW �HVWLPDWHV �RI �WKH �F\FORQH �WUDFN �DQG �LQWHQVLW\� �LQWUR�
GXFHG�E\�-DUYLQHQ�HW�DO���������DQG�.QDSS�HW�DO��������@�
WKH������JHQHUDWHG�WUDFN�UHDOL]DWLRQV�FDQ�EH�LGHQWLILHG�DV
LQDFFXUDWH �UHDOL]DWLRQV �WKDW �OHDG �WR �SRRU �7& �UHDOL]DWLRQV
DQG�UHVXOW�LQ�SRRU�ZLQG�SUREDELOLW\�IRUHFDVWV��,Q�RUGHU�WR
UHGXFH �WKH �IRUHFDVW �HUURUV� �PRUH �IRUHFDVW �WUDFNV �DQG �HU�
URUV�VKRXOG�EH�FRQVLGHUHG�DQG�DGGHG�WR�WKH�0&3�PRGHO�
%HVLGHV�WKH�0&3�PRGHO��PDMRU�RSHUDWLRQDO�QXPHULFDO

ZHDWKHU �SUHGLFWLRQ �FHQWHUV� �VXFK �DV �WKH �8QLWHG �6WDWHV¶
1&(3� �WKH �(&0:)� �DQG �WKH �8QLWHG �.LQJGRP�0HW �2I�
ILFH ��8.02�� �DOO �SURYLGH �UHOLDEOH �7& �HQVHPEOH �IRUH�
FDVWV� �:KLOH �WKHVH �HQVHPEOHV �FDQ �LPSURYH �SUREDELOLVWLF
IRUHFDVWV�IRU�VHYHUH�ZHDWKHU�HYHQWV��)URXGH�������������
)UDPH�HW�DO���������6ZLQEDQN�HW�DO����������ZLQG�SUREDE�
LOLW\�PDSV��0DWVXHGD�DQG�1DND]DZD��������IRU�KXUULFDQH
IRUHFDVWV �FDQ �DOVR �EH �JHQHUDWHG �E\ �FRPELQLQJ �HQVHPEOH
IRUHFDVWV �IURP �PXOWLSOH �VRXUFHV ��H�J�� �IURP �(&0:)�
8.02��DQG�1&(3��
,Q �WKLV �VWXG\� �ZH �GHYHORS �D �PRGLILHG �0&3�PRGHO �E\

FRPELQLQJ �SUREDELOLW\ �PDSV �IURP�ERWK �0&3�DQG �PXOWL�
PRGHO �HQVHPEOH �IRUHFDVWV �WR �LPSURYH �7& �SUREDELOLW\
IRUHFDVWV �QHDU �ODQGIDOO� �%DVHG �RQ �WKH �0&3 �PRGHO �XVLQJ
WKH�1&(3�*OREDO�)RUHFDVW�6\VWHP��*)6��IRUHFDVW�DV�WKH
RIILFLDO �IRUHFDVW �WUDFN� �ZH �ILUVW �HYDOXDWH �DQG �DGMXVW �WKH
0&3 �PHWKRG �E\ �OLPLWLQJ �WKH �XQUHDOLVWLF �7& �PRYLQJ
VSHHGV �DQG �GLUHFWLRQV �WR �EH �PRUH �VXLWDEOH �IRU �7&V �QHDU
ODQGIDOO� �7KHQ� �ZH �FRPELQH �LW �ZLWK �HQVHPEOH �IRUHFDVW
PDSV�IURP�(&0:)��8.02��DQG�1&(3�WR�IXUWKHU�PLW�
LJDWH �WKH �XQUHDOLVWLF �7& �PRYLQJ �GLUHFWLRQV �WR �LPSURYH
KXUULFDQH ��±����K �FXPXODWLYH �ZLQG �VSHHG �SUREDELOLW\
IRUHFDVWV� �,W �LV �RXU �SXUSRVH�WR �H[SORUH �D �IHDVLEOH �PHWKRG
RI �FRPELQLQJ �0&3�DQG �HQVHPEOH �IRUHFDVWV �IRU �DFFXUDWH
7& �ZLQG �IRUHFDVWV �QHDU �ODQGIDOO� �+XUULFDQHV �6DQG\
������� �,UPD �������� �+DUYH\ �������� �DQG �PDMRU �KXU�
ULFDQHV �GXULQJ �WKH ����� �VHDVRQ �RYHU �WKH �$WODQWLF �2FHDQ
DUH �XVHG �DV �FDVHV �IRU �WKLV �VWXG\� �7KH �0&3 �PRGHO� �HQ�
VHPEOH �IRUHFDVWV� �DQG �PRGLILFDWLRQV �RI �WKH �0&3 �PRGHO

DUH �GHVFULEHG �LQ �6HFWLRQ ��� �3UREDELOLW\ �IRUHFDVW �UHVXOWV
DQG �VWDWLVWLFDO �HYDOXDWLRQ �RI �FDVHV �DUH �SURYLGHG �LQ �6HF�
WLRQ ��� �6HFWLRQ �� �LQFOXGHV �DQ �HYDOXDWLRQ �EDVHG �RQ �PDMRU
KXUULFDQHV �GXULQJ �WKH ����� �VHDVRQ� �&RQFOXGLQJ �UHPDUNV
DUH�SUHVHQWHG�LQ�6HFWLRQ��� 

������:LQG�VSHHG�SUREDELOLW\�IRUHFDVWV�DQG�HYDO�

XDWLRQ

 

�������0&3�PRGHO

7KH �0&3 �PRGHO �HVWLPDWHV �WKH �SUREDELOLW\ �RI �ZLQG
VSHHG�DW�LQGLYLGXDO�ORFDWLRQV�GXULQJ�D�7&�IRUHFDVW�SHULRG
�H�J�� ��±��� �K� �EDVHG �RQ �UDQGRPO\ �VDPSOHG �HUURUV �IURP
SUHYLRXV �\HDUV ��KLVWRULFDO� �RI �RIILFLDO �WUDFN �HUURUV �E\
DGGLQJ �WKHVH �HUURUV �WR �WKH �RIILFLDO �GHWHUPLQLVWLF �IRUHFDVW
SRVLWLRQV� �7KH �VDPSOH �HUURU �GLVWULEXWLRQV �DUH �FDOFXODWHG
E\�FRPSDULQJ�WKH �RIILFLDO �IRUHFDVW �SRVLWLRQV �WR �WKH �1+&
³EHVW �WUDFN´ �SRVLWLRQV� �ZKLFK �DUH �WKH �SRVWVWRUP �EHVW �HV�
WLPDWHV�RI �WKH�F\FORQH�WUDFN�DQG�LQWHQVLW\�IURP�REVHUYD�
WLRQV� �7KHUHIRUH� �ZLWK �WKH �0&3�PRGHO� �UDQGRP�VDPSOHV
RI �WUDFN �DQG �LQWHQVLW\ �IRUHFDVW �HUURUV �IURP �RSHUDWLRQDO
IRUHFDVWV��VXFK�DV�WKRVH�IURP�WKH�1&(3�*)6��LQ�WKH�SUH�
YLRXV�ILYH�\HDUV�DUH�DGGHG�WR�D�VLQJOH��GHWHUPLQLVWLF�IRUH�
FDVW��H�J���RIILFLDO�*)6�IRUHFDVW��WR�JHQHUDWH������UHDOL]D�
WLRQV�RI�F\FORQH�WUDFN��LQWHQVLW\��DQG�FRUUHVSRQGLQJ�UDGLL�
7KH �PRGHO �SURGXFHV �D �SUREDELOLW\ �PDS �E\ �FRXQWLQJ �WKH
QXPEHU�RI�UHDOL]DWLRQV�IRU�ZKLFK�WKH�SRLQWV�DUH�LQVLGH�WKH
UDGLXV �RI �WKH �ZLQG �VSHHG �WKUHVKROG �RI �LQWHUHVW ��H�J�� ����
��� �DQG����NW�� �&RPPRQO\� �WKH �1+&�JHQHUDWHV ��±����K
RIILFLDO �ZLQG �SUREDELOLW\ �PDSV �EDVHG �RQ �LWV �RIILFLDO �F\F�
ORQH�IRUHFDVWV��'H0DULD�HW�DO��������������� 

���������7UDFN�UHDOL]DWLRQV
7&�WUDFN�HUURUV�DUH�GHILQHG�DV�WKH�JUHDW�FLUFOH�GLVWDQFH

IURP �WKH �IRUHFDVW �WUDFN �WR �WKH �EHVW�WUDFN �SRVLWLRQV� �$F�
FRUGLQJ�WR�'H0DULD�HW�DO����������WUDFN�HUURUV�FDQ�EH�GH�
FRPSRVHG�LQWR �DORQJ�WUDFN��$7� �SRVLWLYH �ZKHQ�WKH �IRUH�
FDVW �SRVLWLRQ �LV �DKHDG �RI �WKH �EHVW�WUDFN �SRVLWLRQ� �DQG
FURVV�WUDFN��&7��SRVLWLYH�ZKHQ�WKH�IRUHFDVW�SRVLWLRQ�LV�WR
WKH �ULJKW �RI �WKH �EHVW�WUDFN �SRVLWLRQ� �HUURUV� �6LQFH �WKHVH
$7�DQG�&7�HUURUV��L�H�� �$7(�DQG�&7(��DW�D�FHUWDLQ�WLPH
FDQ �EH �DIIHFWHG �E\ �IRUHFDVW �HUURUV �DW �HDUOLHU �WLPHV ��'H�
0DULD �HW �DO�� ������� �GLUHFWO\ �DGGLQJ �WKHVH �UDQGRPO\
VDPSOHG�SDVW�$7(�DQG�&7(�WR�D�VLQJOH�IRUHFDVW�FDQ�OHDG
WR �XQUHDOLVWLF �WUDFNV� �7KHUHIRUH� �D �VHULDO �FRUUHODWLRQ �LV
XVHG�WR�HOLPLQDWH�WKLV�SUREOHP�DQG�JHQHUDWH�UHDOLVWLF�WUDFN
IRUHFDVWV��'H0DULD�HW�DO���������XVHG�D�OLQHDU�ILW�PHWKRG
WR�GHWHUPLQH�WKH�LQIOXHQFH�RI�DQ�HUURU�DW�D�SUHYLRXV�WLPH
RQ�$7(�DQG�&7(�

ATEt = atATEt−12+bt,

CTEt = ctCTEt−12+dt,
���
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ZKHUH�D��E��F��DQG�G�DUH�ILWWLQJ�FRHIILFLHQWV�GHWHUPLQHG�E\
WKH�LQSXW�KLVWRULFDO�$7(�DQG�&7(��DQG�WKH�VXEVFULSW� W� LV
WKH �IRUHFDVW �WLPH� �7KHQ� �EDVHG �RQ �(T� ����� �WKH �KLVWRULFDO
$7(��&7(��FDQ�EH�GLYLGHG�LQWR�WZR�SDUWV� �WKH�LQIOXHQFH
RI�SUHYLRXV�HUURUV��L�H���FDOFXODWHG�HUURUV���ZKLFK�LV�FDOFX�
ODWHG�IURP�(T������ZLWK�FRHIILFLHQWV�D��E��F��DQG�G��DQG�WKH
UHVLGXDOV��ZKLFK�DUH�WKH�KLVWRULFDO�$7(��&7(��PLQXV�WKH
FDOFXODWHG �YDOXHV �IURP �(T� ����� �)RU� W�  ���� �WKH �FRHIIL�
FLHQWV�D�DQG�F�DUH�HTXDO�WR�]HUR��DQG�WKH�$7(��&7(��FDO�
FXODWHG�IURP�(T������LV�HTXDO�WR�FRHIILFLHQW�E��G���ZKLFK�LV
WKH �PHDQ �RI �WKH �KLVWRULFDO �$7(��&7(� �DW �WKLV �WLPH� �7KH
UHVLGXDOV�DUH�JHQHUDWHG�IURP�WKH�GLIIHUHQFHV�EHWZHHQ�WKH
KLVWRULFDO�$7(��&7(��DQG�WKH�FRHIILFLHQW�E��G���)URP�W� 
���WR�W� ������WKH�UHVLGXDOV�DUH�JHQHUDWHG�IURP�WKH�GLIIHU�
HQFHV �EHWZHHQ �WKH �KLVWRULFDO �$7(��&7(� �DQG �FDOFXODWHG
HUURUV�IURP�(T�������7KHVH�UHVLGXDOV�DW�HDFK�WLPH�DUH�WKH
VDPSOHV�RI�WKH�IROORZLQJ�0&3�UHDOL]DWLRQV�
$IWHU�WKH�KLVWRULFDO�$7(��&7(��LV�WUDQVIRUPHG�LQWR�UH�

VLGXDOV �DV �GLVFXVVHG �DERYH� �WKH �UHVLGXDOV �DUH �UDQGRPO\
VDPSOHG�DW �HDFK�IRUHFDVW �WLPH�WR�JHQHUDWH�WKH�ILQDO �$7(
�&7(� �RI �0&3 �DQG �PDNH �WKH �0&3�IRUHFDVW� �$W� W�  ����
7KH�UHVLGXDOV�DUH�UDQGRPO\�VDPSOHG�DQG�DGGHG�WR�(T�����
ZLWK�FRHIILFLHQWV�E���DQG�G���DV�WKH�VDPSOH�PHDQ�$7�DQG
&7�WUDFN�HUURU�ELDVHV�DW����K��DV�WKH�HUURU�LV�HTXDO�WR�]HUR
DW�W� ����D��� �F��� �����7KHQ�WKHVH�YDOXHV�RI�$7(��&7(�
DUH�LQSXW�LQWR�(T������WR�REWDLQ�WKH�FDOFXODWHG�HUURUV�DQG
DGGHG�WR�WKH�UDQGRPO\�VDPSOHG�UHVLGXDOV�DW����K�WR�JHQ�
HUDWH �WKH �ILQDO �$7( ��&7(� �DW ��� �K� �)ROORZLQJ �D �VLPLODU
VWHS��WKH�ILQDO�$7(��&7(��DW����K�LV�DJDLQ�LQSXW�LQWR�(T�
����DQG�FRPELQHG�ZLWK�WKH�UHVLGXDOV�WR�JHQHUDWH�WKH�ILQDO
$7(��&7(��DW�WKH�VXEVHTXHQW�IRUHFDVW�WLPH��)LQDOO\��ZLWK
WKH �IRUHFDVW �HUURUV �IURP �WKH �SDVW �ILYH �\HDUV� �D �WRWDO �RI
�����î����ILQDO�$7(��&7(��DUH�JHQHUDWHG��7KHVH�ILQDO�HU�
URUV �DUH �DGGHG�WR �D �VLQJOH �IRUHFDVW �WUDFN� �WKXV �SURGXFLQJ
�����KXUULFDQH�WUDFNV�IRU�WKH�����K�IRUHFDVW� 

���������,QWHQVLW\�UHDOL]DWLRQV
6LPLODU�WR�WUDFN�UHDOL]DWLRQV��7&�LQWHQVLW\�HUURUV�LQ�WKH

SUHYLRXV �ILYH �\HDUV �DUH �UHTXLUHG �DV �UDQGRP �VDPSOHV �IRU
LQWHQVLW\�UHDOL]DWLRQV��,Q�WKH�0&3�PRGHO��LQWHQVLW\�LV�UHS�
UHVHQWHG �E\ �WKH �PD[LPXP �ZLQG �VSHHG �DW ����P �KHLJKW�
7KHUHIRUH��WKH�LQWHQVLW\�HUURU�LV�WKH�PD[LPXP�ZLQG�VSHHG
HUURU��6(�� �0HDQZKLOH� �WKH�6(�DW �DQ\�JLYHQ�WLPH�FDQ�EH
LQIOXHQFHG �QRW �RQO\ �E\ �HDUOLHU �6( �EXW �DOVR �E\ �IRUHFDVW
F\FORQH �PD[LPXP �ZLQG �VSHHG ��60� �DQG �WKH �GLVWDQFH
IURP �WKH �F\FORQH �FHQWHU �WR �ODQG ��'� �ZKLFK �LV �SRVLWLYH
ZKHQ�WKH�F\FORQH�LV�RYHU�WKH�RFHDQ��DW�D�JLYHQ�WLPH��&RQ�
VLGHULQJ �WKH �VPDOO �LQIOXHQFH �RI �ODQG �ZKHQ �D �F\FORQH �LV
VXIILFLHQWO\�IDU�DZD\�IURP�ODQG��'H0DULD�HW�DO���������VHW
'� �����NP�ZKHQ�'�!�����NP��7KHUHIRUH��D�OLQHDU�UHOD�
WLRQVKLS �LV �DVVXPHG �EHWZHHQ �WKH �6( ��� �K �SUHYLRXV �DQG
WKH�IRUHFDVWV�RI�60��'��DQG�6(�DW�WLPH�W��'H0DULD�HW�DO��

�������WKXV�
SEt = etSEt−12+ ftSMt +gtDt +ht, ���

ZKHUH�H��I��J� �DQG�K�DUH�OHDVW�VTXDUHV�ILWWLQJ�FRHIILFLHQWV�
GHWHUPLQHG�E\�WKH�KLVWRULFDO�6(��60��DQG�'��DQG�WKH�VXE�
VFULSW�W�LV�WKH�IRUHFDVW�WLPH��7KH�KLVWRULFDO�6(�DW���±����K
LV �WUDQVIRUPHG�LQWR�D�UHVLGXDO �6(�E\�VXEWUDFWLQJ�WKH�FDO�
FXODWHG �6( ��ZKLFK �UHSUHVHQWV �WKH �LQIOXHQFH �IURP�WKH �HU�
URU �LQ �WKH �SUHYLRXV ��� �K� �XVLQJ �(T� ����� �6LPLODU �WR �WKH
WUDFN �UHDOL]DWLRQV� �DW� W� ���� �WKH �ILQDO �6(�LV �HTXDO �WR �WKH
VXP�RI�WKH�UHVLGXDO�DQG�WKH�FRHIILFLHQW�K��7KH�ILQDO�6(�DW
W� ����LV�WKHQ�LQSXW�LQWR�(T������WR�FDOFXODWH�WKH�6(�DW�W� 
����7KHQ��WKLV�FDOFXODWHG�6(�LV�FRPELQHG�ZLWK�UDQGRPO\
VDPSOHG �UHVLGXDO �6( �WR �JHQHUDWH �WKH �ILQDO �6( �DW� W�  ����
6LPLODU �VWHSV �FRQWLQXH �DQG�JHQHUDWH �WKH �ILQDO �6(�DW �VXE�
VHTXHQW �IRUHFDVW �WLPHV� �DQG �WKHVH �ILQDO �6(V �DUH �WKHQ �DG�
GHG �WR �WKH �RIILFLDO ��GHWHUPLQLVWLF� �IRUHFDVW �LQWHQVLW\ �WR
SURGXFH ����� �KXUULFDQH �LQWHQVLW\ �UHDOL]DWLRQV �IRU �WKH
����K�IRUHFDVW�DW����K�LQWHUYDOV�
)XUWKHUPRUH� �ZKHQ �WKH �XQGHUO\LQJ �VXUIDFH� �HLWKHU

RFHDQ �RU �ODQG� �LV �GLIIHUHQW �LQ �WKH �UHDOL]DWLRQ �WKDQ �LQ �WKH
IRUHFDVW� �WKH �GLIIHUHQFH �FDQ �OHDG �WR �DQ �LQFRUUHFW �6(� �DQG
FRQVHTXHQWO\ �WR �SRRU �LQWHQVLW\ �UHDOL]DWLRQV� �7KHUHIRUH�
WZR�PHWKRGV�DUH�XVHG�WR�PRGLI\�WKHVH�SRRU�LQWHQVLW\�UHDO�
L]DWLRQV �SURGXFHG �E\ �WKH �PLVPDWFKHG �XQGHUO\LQJ �VXU�
IDFHV �EHWZHHQ �UHDOL]DWLRQV �DQG �IRUHFDVWV� �:KHQ �WKH �GH�
WHUPLQLVWLF�IRUHFDVW�SRVLWLRQ�LV�LQODQG�DQG�WKH�0&3�UHDO�
L]DWLRQV �DUH �RYHU �WKH �RFHDQ� �60W� LQ �(T� ���� �ZLOO �EH �UH�
SODFHG�E\�WKH�YDOXH�RYHU�WKH�RFHDQ�DW�WKH�QHDUHVW�IRUHFDVW
WLPH��ZKHQ�WKH�IRUHFDVW�SRVLWLRQ�LV�RYHU�WKH�RFHDQ�DQG�WKH
0&3�UHDOL]DWLRQV�DUH�LQODQG��60W�ZLOO�EH�UHSODFHG�E\�WKH
YDOXH �IURP �DQ �HPSLULFDO �LQODQG �ZLQG �GHFD\ �PRGHO� �DV
VXJJHVWHG�E\�.DSODQ�DQG�'H0DULD��������

SMt = 27+ (SM0−27)e−0.115t, ���

ZKHUH�60��LV�WKH�0&3�IRUHFDVW�LQWHQVLW\�DW�WKH�ILUVW�WLPH
ZKHQ�WKH�7&�PRYHV�LQODQG� 

���������5DGLXV�UHDOL]DWLRQV
7KH �UDGLL�&/,3(5 �PRGHO �VXJJHVWHG �E\� .QDII �HW �DO�

�������LV�XVHG�WR�JHQHUDWH�UDGLXV�UHDOL]DWLRQV�LQ�WKH�0&3
PRGHO�

V (r,θ) = (Vm−A)
( rm

r

)x
+Acos(θ− θ0) for r ! rm, ���

ZKHUH�9� LV �WKH�ZLQG�VSHHG��U� LV �WKH�UDGLDO �GLVWDQFH�IURP
WKH �F\FORQH �FHQWHU�� ș� LV �WKH �D]LPXWK �PHDVXUHG �FRXQWHU�
FORFNZLVH�UHODWLYH�WR�����WR�WKH�ULJKW�RI�WKH�F\FORQH¶V�PR�
WLRQ�GLUHFWLRQ��9P�LV�WKH�PD[LPXP�ZLQG�VSHHG��UP�LV�WKH
UDGLXV�RI�WKH�PD[LPXP�ZLQG��$� LV �DQ�DV\PPHWU\�IDFWRU�
DQG�ș��LV�D�FRQVWDQW�WKDW�DOORZV�WKH�PD[LPXP�ZLQG�VSHHG
WR�EH�ORFDWHG�DW�DQ�D]LPXWK�RWKHU�WKDQ�����WR�WKH�ULJKW�RI
WKH�PRWLRQ�GLUHFWLRQ��7KH�YDOXHV�RI�$�� �������DQG�ș��� 
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����DUH�ERWK�VXJJHVWHG�E\�.QDII�HW�DO���������
7KH�F\FORQH�VL]H�SDUDPHWHU�[�DQG�UP�FDQ�EH�HVWLPDWHG

E\�D�VLPSOH�FOLPDWLF�PRGHO��.QDII�HW�DO���������

xc = 0.1147+0.0055Vm+0.001
(
ϕ−25◦

)
,

rmc = 36.1−0.0492Vm+0.574
(
ϕ−25◦

)
,

���

ZKHUH�ĳ� LV�WKH�ODWLWXGH�DQG�WKH�VXEVFULSW�F�GHQRWHV�D�FOL�
PDWLF �HVWLPDWH� �:LWK �KLVWRULFDO�9�� U��9P�� UP� �DQG� ș� �WKH
EHVW�ILW�[�IRU�HDFK�KLVWRULFDO�KXUULFDQH�IRUHFDVW�UHFRUG�FDQ
EH �SURGXFHG �ZLWK �(T� ����� �$IWHU �WKDW� �WKH �EHVW �ILW� [� LV
WUDQVIRUPHG�WR �UHVLGXDO�[�E\ �VXEWUDFWLQJ �WKH �FOLPDWLF�HV�
WLPDWHG�[F�IURP�(T�������7KHQ��VLPLODU�WR�WKH�WUDFN�DQG�LQ�
WHQVLW\�UHDOL]DWLRQV��WKH�ILQDO�[�IRU�HDFK�IRUHFDVW�WLPH�FDQ
EH�SURGXFHG�E\�DGGLQJ�WKH�UDQGRPO\�VDPSOHG�UHVLGXDO�[
WR�WKH�FOLPDWLF�HVWLPDWHG�[F�LQ�(T�������0HDQZKLOH��VLQFH
WKH�FOLPDWLF�HVWLPDWHG�[F�LV�RIWHQ�XQHTXDO�WR�WKH�UHDO�[�DW�W
 ����ZKHQ�WKHUH�LV�QR�UHVLGXDO�[�IRU�UHDOL]DWLRQV��WKLV�PLV�
PDWFK �EHWZHHQ �FOLPDWLF�HVWLPDWHG� [F� DQG �UHDO� [� PD\
WUDQVPLW�WR�VXEVHTXHQW�UHDOL]DWLRQV��7KHUHIRUH��DV�VXJJHV�
WHG�E\�'H0DULD�HW�DO� ���������H[SRQHQWLDO�GHFD\�ZLWK�DQ
H�IROGLQJ �WLPH �RI ��� �K �LV �XVHG �LQ �UDGLXV �UHDOL]DWLRQV �IRU
HDFK�IRUHFDVW�WLPH�WR�FRYHU�WKH�PLVPDWFK�RI�FOLPDWLF�HV�
WLPDWHG�[F�DQG�VLPXODWHG�[� DW �WKH �IRUHFDVW �VWDUW �WLPH� �)L�
QDOO\� �DIWHU �WKHVH �WUDQVIRUPDWLRQV �DQG �PRGLILFDWLRQV� �WKH
ILQDO� [� IRU �0&3 �LV �SURGXFHG �ZLWK �FOLPDWLF�HVWLPDWHG� [�
UDQGRPO\ �VDPSOHG �UHVLGXDO�[� �DQG �WKH �VWDUW�WLPH�[� HUURU�
7KH�D]LPXWK�GHSHQGHQW�ZLQG�SURILOH�IRU�HDFK�UHDOL]DWLRQ
LV �SURGXFHG �WKURXJK �(T� ���� �ZLWK �WKLV �ILQDO� [� �KXUULFDQH
PD[LPXP�ZLQG�VSHHG�9P��PD[LPXP�ZLQG�UDGLXV�UP��DQG
ZLQG�VSHHG�WKUHVKROGV�RI�LQWHUHVW��H�J�����������DQG����NW�� 

�������$GMXVWPHQWV�WR�WKH�0&3�PRGHO

,Q �WKLV �VWXG\� �ZH �XVH �WKH �1&(3 �*)6 �GHWHUPLQLVWLF
IRUHFDVWV�DV�RIILFLDO�IRUHFDVWV�LQ�WKH�0&3�PRGHO�WR�JHQHU�
DWH �WKH ��±����K �SUREDELOLW\ �IRUHFDVWV �QHDU �DQG �GXULQJ
ODQGIDOOV �RI �WKUHH �PDMRU �KXUULFDQHV� �+XUULFDQH�6DQG\� �DV
DQ �H[WUDWURSLFDO �F\FORQH �GXULQJ �LWV �ODQGIDOO �IURP �����
87&����WR������87&����2FWREHU�������+XUULFDQH�+DU�
YH\ �IURP����� �87&��� �WR ����� �87&��� �$XJXVW ������
DQG�+XUULFDQH�,UPD�IURP������87&���WR ������87&���
6HSWHPEHU ������ �7KH �*)6 �IRUHFDVWV �IURP �WKH �SUHYLRXV
ILYH �\HDUV �IRU �HDFK �FDVH� �SURYLGHG �E\ �WKH �$XWRPDWHG
7URSLFDO�&\FORQH�)RUHFDVW��$7&)��GDWDEDVH��DUH�XVHG�WR
SURYLGH�WKH�KLVWRULFDO�IRUHFDVW�HUURUV�IRU�WKH�0&3�PRGHO�
)RU �WUDFN �UHDOL]DWLRQV��7DEOH ��� VKRZV �WKH �FRHIILFLHQWV

D��E��F� �DQG�G� LQ�(T������REWDLQHG�IURP�WKH�SUHYLRXV�ILYH
\HDUV� �QDPHO\� �����±���� �7& �GDWD �IRU �+XUULFDQHV �+DU�
YH\�DQG�,UPD���������$�GHWHUPLQDWLRQ�FRHIILFLHQW��5���LV
DOVR �GHILQHG �WR �PHDVXUH �WKH �FRUUHODWLRQV �EHWZHHQ �$7(W
�&7(W� �DQG �$7(W���� �&7(W����� �:H �IRXQG �WKDW �WKHUH �DUH
FRQVLGHUDEOH �VPDOO �GHWHUPLQDWLRQ �FRHIILFLHQWV ��5�� �DW

VRPH�OHDG�WLPHV��IRU�H[DPSOH��5��������DW���������DQG����
K �LQ �RXU �FDVH� �7KLV �LQGLFDWHV �WKDW �WKHUH �PLJKW �EH �VRPH
WUDFN �GDWD �WKDW �IDLO �WR �VDWLVI\ �(T� ����� �1DPHO\� �LQ �VRPH
FDVHV� �HDUO\ �$7( ��&7(� �PD\ �QRW �DIIHFW �WKH �IROORZLQJ
$7(��&7(���)RU�LQVWDQFH��ZKHQ�D�7&�XQGHUJRHV�D�ODUJH
FKDQJH�LQ�PRYLQJ�GLUHFWLRQ�GXULQJ����K��WKH�UDSLG�FKDQJH
LQ�LWV�WUDFN�PHDQV�WKDW�WKHUH�LV�QR�VLJQLILFDQW�UHODWLRQVKLS
EHWZHHQ �$7( ��&7(� �LQ �WKH �ILUVW ��� �K �DQG �WKRVH �LQ �WKH
VXEVHTXHQW����K��&RQVLGHULQJ�WKLV�SUREOHP��ZH�GLYLGH�WKH
7& �WUDFNV �LQWR �WZR �JURXSV �EDVHG �RQ �GLUHFWLRQ �FKDQJHV
�GȖ� �EHWZHHQ �D �FHUWDLQ �WLPH� W� DQG� W� � ���� �QDPHO\� �WKH
FDVHV�RI�GȖ�ĸ�����RU�GȖ�!�����
7DEOH ��� VKRZV �WKH �SDUDPHWHUV �REWDLQHG �IURP �WKH �7&

GDWD �GXULQJ �����±���� �IRU �FDVHV �RI �GȖ�ĸ� ��� �DQG �GȖ� !
�����7KH�GHWHUPLQDWLRQ�FRHIILFLHQW�IRU�GȖ�ĸ�����LV�ODUJHU
WKDQ�WKDW�LQ�7DEOH����ZKLOH�LW�LV�FORVH�WR�]HUR�IRU�GȖ�!�����
7KH�UHVXOWV �KHUH�FRQILUP�WKDW�(T������FDQQRW�EH�ZHOO �DS�
SOLHG�LQ�WKH�WUDFN�UHDOL]DWLRQV�ZKHQ�WKH�VXEVHTXHQW�IRUH�
FDVW �WUDFN �KDV �ODUJH �GLUHFWLRQDO �FKDQJHV� �)RU �LQVWDQFH�
WKHUH �DUH ��� �WLPHV �ZLWK �GȖ� ! ���� �IURP �� �î ���� �K �*)6
WUDFN �IRUHFDVWV� �DQG �WKH �WUDFN �UHDOL]DWLRQV �XVLQJ �(T� ����
EDVHG�RQ�WKHVH�*)6�WUDFNV�ZLOO �OHDG�WR�SRRU�ZLQG�VSHHG
SUREDELOLW\�IRUHFDVWV� �7KHUHIRUH� �ZH�PDGH�DQ�DGMXVWPHQW
WR�WKH�0&3�PRGHO�WR�HQVXUH�WKDW�WKH�ILQDO�$7(�DQG�&7(
DUH�UDQGRPO\�VDPSOHG�GLUHFWO\�IURP�WKH�SDVW�ILYH�\HDUV�RI
*)6�$7(�DQG�&7(�ZLWKRXW�DSSO\LQJ�(T������ZKHQ�GȖ�!
����
$GGLWLRQDOO\� �WKH �PRYLQJ �VSHHG �RI �D �7& �DW �D �FHUWDLQ

WLPH�LV�XVXDOO\�UHODWHG�WR�LWV�VSHHG�DW�DQ�HDUOLHU�WLPH��DQG
WKH�IRUZDUG�VSHHG�ZLOO�QRW�LQFUHDVH�TXLFNO\�GXULQJ�D�VKRUW
SHULRG� �7KXV� �VRPH �UDQGRPO\ �VDPSOHG �$7( �DQG �&7(
FRXOG �OHDG �WR �WUDFN �UHDOL]DWLRQV �ZLWK �DQ �XQUHDOLVWLF �IRU�
ZDUG �VSHHG� �7R �PLWLJDWH �WKHVH �XQUHDOLVWLF �WUDFN �UHDOL]D�
WLRQV� �ZH�LQWURGXFH�D�FRHIILFLHQW�UGLV� �GHILQHG�DV �WKH�PR�
WLRQ�GLVWDQFH�UDWLR��QDPHO\�

rdis = dist+12/dist, ���

ZKHUH �GLVW� DQG �GLVW���� DUH �WKH �GLVWDQFH �WUDYHOHG �EHWZHHQ
IRUHFDVW�LQWHUYDOV�W�í����DQG�W��DQG�EHWZHHQ�W�DQG�W������
UHVSHFWLYHO\��UGLV�GHQRWHV�WKH�UDWLR�RI�7&�PRWLRQ�GLVWDQFH
�

7DEOH������&RHIILFLHQWV�LQ�(T������EDVHG�RQ�WKH�����±�����7&�GDWDEDVH

7LPH��K�
$ORQJ�WUDFN &URVV�WUDFN
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GLVW���� DQG �GLVW� �%DVHG �RQ �GDWD �IURP �WKH �SUHYLRXV �ILYH
\HDUV� �ZH �IRXQG �WKDW� UGLV� KDV �D �PD[LPXP �DQG �FKDQJHV
ZLWK �GLVW� �7KH �RULJLQDO �0&3 �PRGHO �JHQHUDWHV �VRPH �XQ�
UHDOLVWLF�WUDFN�UHDOL]DWLRQV�ZLWK�UGLV�RYHU�WKH�PD[LPXP�LQ
KLVWRULFDO�GDWD��7KHUHIRUH��LQ�WKH�DGMXVWHG�0&3�PRGHO��D
PD[LPXP�UGLV�OLPLW�LV�LQWURGXFHG�LQWR�WUDFN�UHDOL]DWLRQV�WR
HOLPLQDWH�WKHVH�XQUHDOLVWLF�WUDFNV��)RU�HDFK�IRUHFDVW�WLPH�
D�VHULHV�RI�PD[LPXP�UGLV�LQ�WKH�SDVW�ILYH�\HDUV�LV�GHWHUP�
LQHG�DW �GLIIHUHQW �GLVW� �7KH�DUFKLYHG�EHVW �WUDFN�FDQ�EH�DF�
FXUDWH �RQO\ �DW ����� �IRU �ODWLWXGH �DQG �ORQJLWXGH� �QDPHO\�
�����RI�WKH�JUHDW�FLUFOH�IRU�WKH�F\FORQH�DURXQG�WKH�HTXDWRU�
7KHUHIRUH��WKH�GLVW�LQWHUYDO�IRU�ZKLFK�WKH�PD[LPXP�UGLV�LV
GHWHUPLQHG�LV �VHW �DV ����� �RI �WKH�JUHDW �FLUFOH �RQ�WKH�HDUWK
������ �NP�� �7KHQ �IRU �HDFK �0&3 �IRUHFDVW� �ZH �FDOFXODWH
WKH �IRUHFDVW� UGLV� DQG �FRPSDUH �LW �ZLWK �WKH �FRUUHVSRQGLQJ
WKUHVKROG �RI �WKH �PD[LPXP� UGLV� WR �HOLPLQDWH �H[FHVVLYH
SRLQWV� �)RU �H[DPSOH� �IRU �GLV��� RI ������ �WKH �UHDOL]DWLRQV
ZLWK�GLV���RI������DUH�HOLPLQDWHG�E\�WKH�PD[LPXP�UGLV�RI
����
:LWK�WKH�PHQWLRQHG�DGMXVWPHQW� �WKH�ILQDO�$7(��&7(�

LV �GHWHUPLQHG�WKURXJK�WKH�0&3�PRGHO �DQG�DGGHG�WR �WKH
*)6�GHWHUPLQLVWLF�WUDFN�IRUHFDVWV�WR�JHQHUDWH�WKH��±����K
WUDFN �UHDOL]DWLRQV �IRU �HDFK �KXUULFDQH �ZLWK �WLPH �LQWHUYDOV
RI����K��)RU�WKH�LQWHQVLW\�UHDOL]DWLRQV��WKHUH�LV�QR�DGMXVW�
PHQW �WR �WKH�0&3�PRGHO� �7KH�ILQDO �6(�LV �GHWHUPLQHG�E\
WKH �0&3�PRGHO �ZLWK �*)6�IRUHFDVW �GDWD �IURP�WKH �SUHYL�
RXV�ILYH�\HDUV��,W�LV�WKHQ�FRPELQHG�ZLWK�WKH�*)6�GHWHUP�
LQLVWLF�WUDFN��LQWHQVLW\�IRUHFDVWV��DQG�WUDFN�UHDOL]DWLRQV�WR
SURGXFH�WKH�LQWHQVLW\�UHDOL]DWLRQV�
)RU �UDGLXV �UHDOL]DWLRQV� �WKHUH �DUH �QHJDWLYH� [� UHVLGXDOV

LQ�WKH�*)6�GDWD�IURP�WKH�SDVW�ILYH�\HDUV�WKDW�FDQ�OHDG�WR�D
VPDOO �ILQDO� [� DQG �ODUJH �XQUHDOLVWLF �UDGLL� �7R �HOLPLQDWH
WKHVH�H[FHVVLYH�UDGLL��LQ�WKH�PRGLILHG�PRGHO��UDGLXV�UHDO�
L]DWLRQV�DUH�OLPLWHG�E\�PD[LPXP�UDGLL�RI���������DQG���
NW �DW �GLIIHUHQW �IRUHFDVW �WLPHV �EDVHG �RQ �F\FORQH �VDPSOHV
IURP�WKH�SDVW�ILYH�\HDUV��)XUWKHUPRUH��GXH�WR�WKH�XQGHUO\�
LQJ �VXUIDFH �IULFWLRQ �RI �ODQG� �WKH �ZLQG �VSHHGV �RI �PDMRU
KXUULFDQHV �VXFK �DV �6DQG\� �,UPD� �DQG �+DUYH\ �GHFUHDVH
YHU\ �TXLFNO\ �GXULQJ �ODQGIDOO� �'DWD �IRU �VWDQGDUG �UDGLL �RI

��������DQG����NW�DUH�QRW�DYDLODEOH��UHVXOWLQJ�LQ�D�ODFN�RI
GDWD �IRU �HYDOXDWLRQ� �7R �EHWWHU �DVVHVV �WKH �0&3 �IRUHFDVW�
ZH�DOVR�IRUHFDVW�WKH�LPSDFW�UDGLL�IRU�ORZHU�ZLQG�VSHHGV�
VXFK�DV����DQG����NW��6LPLODU�WR���±���NW��WKH�UDGLL�IRU���
DQG����NW�DUH�OLPLWHG�E\�WKH�PD[LPXP�UDGLL �WKDW�DUH�GH�
WHUPLQHG�E\�WKH�UHJUHVVLRQ�ZLWK�UDGLL�GDWD�IRU���������DQG
�� �NW� �:LWK �WKLV �FRUUHFWLRQ� �WKH �ILQDO� [� LV �DSSOLHG �WR �WKH
*)6 �WUDFN �DQG �LQWHQVLW\ �UHDOL]DWLRQV �WR �JHQHUDWH �UDGLXV
UHDOL]DWLRQV�IRU�HDFK�KXUULFDQH��)RU�FRQYHQLHQFH��WKH�DG�
MXVWHG�0&3�PRGHO�LV�UHIHUUHG�WR�KHUHDIWHU�DV�WKH�$0&3
PRGHO� 

�������&RPELQHG�$0&3�DQG�HQVHPEOH�SUREDELOLW\��$�PRGL�
ILHG�$0&3

&RQVLGHULQJ �WKDW �KXUULFDQHV �FDQ �PRYH �VHYHUDO �KXQ�
GUHG �NLORPHWHUV �ZLWKLQ ��� �K� �GLUHFWO\ �DVVHVVLQJ �ZLQG
VSHHG �SUREDELOLW\ �ZLWK ��� �$0&3 �IRUHFDVWV ����±��� �K
ZLWK����K�LQWHUYDOV� �FRXOG�PLVV�WKH�LQIOXHQFH�RI �F\FORQH
PRWLRQ �GXULQJ �WKH ����K �WLPH �SHULRG� �)RU �LQVWDQFH� �WKH
UDGLL �IRU ����NW �ZLQG �XVXDOO\ �PHDVXUH �OHVV �WKDQ ��� �NP
IURP�WKH�F\FORQH�FHQWHU��,I�ZH�GLUHFWO\�XVH�WKH����K�LQWHU�
YDO�UHDOL]DWLRQV��VXFK�DV���±���K��WR�FDOFXODWH�WKH�SUREDE�
LOLWLHV�RI����NW�ZLQG�IRU�DQ\�SRLQW�RXWVLGH�WKH�UDGLXV�RI���
NP��WKH�SUREDELOLW\�ZLOO�EH�]HUR�DQG�WKHVH�SRLQWV�ZLOO�EH
RPLWWHG�LQ�WKH�FDOFXODWLRQ��7KHUHIRUH��WR�UHGXFH�WKLV�RPLV�
VLRQ��'H0DULD�HW�DO���������OLQHDUO\�LQWHUSRODWHG�WKH�UHDO�
L]DWLRQV�LQWR���K�LQWHUYDOV��GXULQJ�ZKLFK�WKH�F\FORQHV��HV�
SHFLDOO\ �DIWHU �ODQGIDOO� �XVXDOO\ �GR �QRW �PRYH �IDU� �)ROORZ�
LQJ�'H0DULD�HW�DO����������WKH�UHDOL]DWLRQV�KHUH�LQFOXGLQJ
WUDFN� �LQWHQVLW\� �DQG�UDGLL �DUH�OLQHDUO\�LQWHUSRODWHG�DW ���K
LQWHUYDOV�ZLWKLQ�WKH�UHDOL]DWLRQV�DW����K�LQWHUYDOV��)RU�LQ�
VWDQFH� �WKH �WUDFN� �LQWHQVLW\� �DQG �UDGLL �DW ��� �DQG ��� �K �DUH
XVHG�WR�OLQHDUO\�LQWHUSRODWH�WKH�WUDFN��LQWHQVLW\� �DQG�UDGLL
DW ���� ���� ���� ���� �DQG ��� �K� �7KHQ� �$0&3 �DW �DQ\ �JLYHQ
ORFDWLRQ�DQG�IRU�DQ\�IRUHFDVW�LQWHUYDO�WR�����K�FDQ�EH�HV�
WLPDWHG�E\�FRXQWLQJ�WKH�QXPEHU�RI�UHDOL]DWLRQV�IRU�ZKLFK
WKH�SRLQW�LV�LQVLGH�WKH�UDGLXV�RI�WKH�ZLQG�VSHHG�WKUHVKROG
RI �LQWHUHVW� �UHODWLYH �WR �WKH �WRWDO �QXPEHU �RI �UHDOL]DWLRQV�
)RU �H[DPSOH� �WKH �ZLQG �SUREDELOLW\ �IRU ��� �NW �DW �D �JLYHQ

7DEOH������$V�LQ�7DEOH����EXW�IRU�GLIIHUHQW�GLUHFWLRQ�FKDQJH�DQJOHV��7KH�³±´�GHQRWHV�WKH�QXOO�YDOXH�GXH�WR�QRQH[LVWHQW�FDVHV
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ORFDWLRQ�IURP���WR�����K�LV�WKH�SURSRUWLRQ�RI�WKH�QXPEHU
RI�UHDOL]DWLRQV�LQ�WKH�DUHD�FRYHUHG�E\�WKH�UDGLXV�RI����NW
GXULQJ��±����K��WR�WKH�WRWDO�QXPEHU�RI�UHDOL]DWLRQV�
%HFDXVH �0&3�DQG �$0&3�DUH �EDVHG �RQ �RIILFLDO �IRUH�

FDVWV��H�J���*)6��ZLWK�UDQGRP�VDPSOHV��D�SRRU�WUDFN�IRUH�
FDVW �PD\ �LQWURGXFH �ODUJH �HUURUV �WR �ZLQG �VSHHG �UHDOL]D�
WLRQV� �7KHUHIRUH� �DGGLWLRQDO �ZLQG �VSHHG �SUREDELOLVWLF
IRUHFDVWV�DUH�QHHGHG�WR�VXSSO\�0&3�RU�$0&3�IRUHFDVWV
DQG�JHQHUDWH�D�FRPELQHG�ZLQG�VSHHG�SUREDELOLW\�IRUHFDVW�
*LYHQ �WKH �DYDLODELOLW\ �RI �HQVHPEOH �IRUHFDVWLQJ �DW �ODUJH
RSHUDWLRQDO�FHQWHUV�DQG�LWV�XVHIXOQHVV�LQ�LPSURYLQJ�RSHU�
DWLRQDO�7&�IRUHFDVWV��LW�VHHPV�QDWXUDO�WR�FRPELQH�$0&3
ZLWK �HQVHPEOH �PHPEHUV �IRU �LPSURYHG �IRUHFDVWV� �,Q �WKLV
VWXG\� �ZH �DWWHPSW �WR �HYDOXDWH �ZKHWKHU �LQFOXGLQJ �HQ�
VHPEOH�SUREDELOLW\�ZLOO�LPSURYH�0&3�IRUHFDVWV�
0DMRU �RSHUDWLRQDO �FHQWHUV �PDNH �SUREDELOLW\ �IRUHFDVWV

WKURXJK �WKHLU �HQVHPEOH �IRUHFDVW �V\VWHPV �ZLWK �PXOWLSOH
IRUHFDVWV�IURP�QXPHULFDO�ZHDWKHU�SUHGLFWLRQ�PRGHOV�ZLWK
HLWKHU �GLIIHUHQW �LQLWLDO �FRQGLWLRQV �RU �YDU\LQJ �QXPHULFDO
UHSUHVHQWDWLRQV �RI �WKH �PRGHO �SK\VLFV ��7RWK �DQG �.DOQD\�
������ 3DOPHU �HW �DO�� ������� %DUNPHLMHU �HW �DO�� ������
%XL]]D���������,Q�WKLV�VWXG\��ZH�XVH�ZLQG�VSHHG�SUREDELO�
LW\�PDSV�IURP�HQVHPEOH�IRUHFDVWV��REWDLQHG�IURP�7KH�,Q�
WHUQDWLRQDO�*UDQG�*OREDO�(QVHPEOH��7,**(��KWWSV���FRQ�
IOXHQFH�HFPZI�LQW�GLVSOD\�7,**(���IRU�WKUHH�PDMRU�RSHU�
DWLRQDO �FHQWHUV� �(&0:) ��ZLWK ��� �HQVHPEOH �PHPEHUV��
8.02��ZLWK ��� �PHPEHUV �IRU �+XUULFDQH �6DQG\ �DQG ���
PHPEHUV �IRU �+XUULFDQHV �,UPD �DQG �+DUYH\�� �DQG �1&(3
�ZLWK ��� �HQVHPEOH �PHPEHUV�� �:KLOH �WKHVH �HQVHPEOH
IRUHFDVWV �RI �7&V �SURYLGH �WKH �XQFHUWDLQWLHV �LQ �WKH �IRUH�
FDVWV��6ZLQEDQN�HW�DO����������ZH�FDQ�DOVR�PDNH�SUREDELO�
LW\�PDSV�E\�FRXQWLQJ�WKH�RFFXUUHQFH�SHUFHQWDJH�RI�D�FHU�
WDLQ�IRUHFDVW�YDULDEOH�DPRQJ�DOO �HQVHPEOH�IRUHFDVWV� �7KH
HQVHPEOH�ZLQG�VSHHG�SUREDELOLWLHV�DUH�FDOFXODWHG�VLPLODU
WR �WKH �PHWKRG �XVHG �LQ �WKH �$0&3 �PRGHO� �QDPHO\� �E\
FRXQWLQJ�WKH�WRWDO�QXPEHU�RI�HQVHPEOH�PHPEHUV�IRU�HDFK
RI �WKH �IRUHFDVWV �WKDW �H[FHHG �WKH �SUHVFULEHG �WKUHVKROG
���±���NW��DQG�GLYLGLQJ�E\�WKH�WRWDO�QXPEHU�RI�HQVHPEOH
IRUHFDVWV�

%\�FRPELQLQJ�WKH�SUREDELOLW\�PDSV�IURP�ERWK�$0&3
DQG �WKH �HQVHPEOH �IRUHFDVWV �DV �LQ �WKH �IROORZLQJ� �D �PRGL�
ILHG�$0&3��$0&3PI��LV�SURGXFHG�

AMCPmf =




0.5AMCP+0.5/3(PNCEP+PECMWF
+PUKMO) over sea

0.1AMCP+0.9/3(PNCEP+PECMWF
+PUKMO) inland

, ���

ZKHUH�3(&0:)��38.02��DQG�31&(3�DUH�ZLQG�VSHHG�SURE�
DELOLWLHV �RI �WKH �(&0:)� �8.02� �DQG �1&(3 �HQVHPEOH
IRUHFDVWV� �UHVSHFWLYHO\� �:LWK �7,**(� �WKH �(&0:)�
8.02��DQG�1&(3�HQVHPEOH�IRUHFDVW�GDWD�DUH�DOO �DYDLO�
DEOH�DW�D�JULG�VL]H�RI������î�������7KHUHIRUH��WKH�$0&3PI
SUREDELOLW\�UHVXOW�LV�DOVR�FDOFXODWHG�DW�D�JULG�VL]H�RI������î
�����IRU�HDV\�SURFHVVLQJ�LQ�(T������
$V �VKRZQ �LQ �6HFWLRQ ��� �$0&3 �RYHUHVWLPDWHV �ZLQG

VSHHG�SUREDELOLW\�RYHU�ODQG��6SOLWW�HW�DO����������%DVHG�RQ
WHVWV �RI �YDULRXV �ZHLJKWV �IRU �WKH �HQVHPEOH �DQG �$0&3
FRPELQDWLRQV �VKRZQ�LQ�7DEOH ��� �ZH �XVH �D �ODUJHU �ZHLJKW
FRHIILFLHQW�������ZKLFK�OHDGV�WR�D�PXOWLSOLFDWLYH�ELDV�WKDW
LV �FORVHU �WR ��� �IRU �WKH �HQVHPEOH �IRUHFDVW �SUREDELOLW\ �UHV�
XOWV �LQ �(T� ����� �2YHU �WKH �RFHDQ� �ZH �XVH �ZHLJKW �FRHIIL�
FLHQWV �RI ���� �IRU �ERWK �$0&3�DQG �HQVHPEOH �IRUHFDVWV �WR
FRPSHQVDWH�WKH�FRQILGHQFH�IRU�HDFK��)RU�FRQVLVWHQFH��WKH
1&(3 �*)6 �ILQDO �DQDO\VLV ��)1/� �GDWD� �ZKLFK �DUH �SXE�
OLFO\�DYDLODEOH�DW�D�JULG�VL]H�RI������î�������DUH�XVHG�WR�RE�
WDLQ�WKH�DQDO\VLV��RU�³WUXWK´��RI�ZLQG�VSHHG�IUHTXHQF\�E\
FRXQWLQJ�WKH�IUHTXHQF\�RI�ZLQG�VSHHGV�JUHDWHU�WKDQ�D�FHU�
WDLQ�WKUHVKROG�RI�LQWHUHVW�DW�D�JLYHQ�ORFDWLRQ�IRU�WKH�IRUH�
FDVW �WLPH �SHULRG� �)RU �LQVWDQFH� �WKH �IUHTXHQF\ �RI �ZLQG
VSHHG�RI����NW�IRU�D�JLYHQ�ORFDWLRQ�LV�WKH�QXPEHU�RI�LP�
SDFWHG�WLPHV�ZLWK�ZLQG�VSHHG�RYHU ����NW �GLYLGHG�E\�WKH
WRWDO �QXPEHU �RI �DQDO\VLV �WLPHV �RI �)1/� �1DPHO\� �IRU �D
FHUWDLQ �WLPH�WKDW �KDV �ZLQG�RYHU ����NW �RYHU �D �JLYHQ�DUHD�
WKH �IUHTXHQF\ �VKRXOG �EH ����� ������K �DQDO\VLV �LQWHUSRO�
DWHG �LQWR ���K �LQWHUYDOV�� �7KH �F\FORQH �FHQWHU �LV �GHWHUP�
LQHG�E\�WKH�PLQLPXP�VXUIDFH�SUHVVXUH�LQ�ERWK�HQVHPEOH
SURGXFWV �DQG �1&(3 �)1/� �7KH �HQVHPEOH �PHDQ �WUDFN �LV
JHQHUDWHG �E\ �DYHUDJLQJ �WKH �F\FORQH �FHQWHUV �IURP �DOO

7DEOH������7KH�PXOWLSOLFDWLYH�ELDV�LQ�(T������RI�WKH�����K�DQG����NW�LQODQG�ZLQG�SUREDELOLW\�IRUHFDVW�ZLWK�GLIIHUHQW�LQODQG�ZHLJKW�FRHIILFLHQWV�RI
WKH�HQVHPEOH�SURGXFWV�LQ�(T�����

/HDG�WLPH��K� ,QODQG�ZHLJKW�FRHIILFLHQW�RI�HQVHPEOH�SURGXFWV
��� ��� ��� ��� ��� ��� ��� ��� ���
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PHPEHUV��7KH�$0&3PI�WUDFN�LV�WKH�DYHUDJH�RI�WKH�$0�
&3 �WUDFN �DQG �WKH �PHDQ �HQVHPEOH �WUDFN� �6LPLODU �WR �WKH
$0&3PI�PRGHO� �WKH �WUDFN� �LQWHQVLW\� �DQG �UDGLL �IURP �HQ�
VHPEOH�IRUHFDVWV�DQG�)1/�DQDO\VLV�DUH�DOVR�OLQHDUO\�LQWHU�
SRODWHG�DW���K�LQWHUYDOV�IURP�WKHLU���K�GDWD� 

�������9HULILFDWLRQ�PHWKRG

%HFDXVH�WKH�FKDQJH�LQ�IRUHFDVW�ZLQG�VSHHG�SUREDELOLW\
IURP�0&3�WR�$0&3�LV�VPDOO��FRPPRQO\�OHVV�WKDQ�����
ZH�HPSKDVL]H�WKH�FRPSDULVRQ�EHWZHHQ�$0&3�DQG�$0�
&3PI� LQ �WKH �HYDOXDWLRQ� �6WDWLVWLFDO �PHWKRGV �DUH �DSSOLHG�
)LUVW��D�PXOWLSOLFDWLYH�ELDV�LV�DVVHVVHG�

Bias =
1
N
∑N

i=1 Fi
1
N
∑N

i=1 Oi
, ���

ZKHUH� )L� LV �WKH �IRUHFDVWHG �SUREDELOLW\�� 2L� LV �WKH �IUH�
TXHQF\�IURP�WKH�)1/�DQDO\VLV��DQG�1�LV�WKH�WRWDO�QXPEHU
RI�IRUHFDVWHG�REVHUYHG�SRLQWV�RYHU�WKH�HQWLUH�GRPDLQ�
7R�DVVHVV �WKH�DFFXUDF\�RI �WKH�DERYH�ELQDU\�GHWHUPLQ�

LVWLF �IRUHFDVW� �QDPHO\� �ZKHWKHU �WKH �VSHFLILF �ZLQG �VSHHG
�H�J������RU����NW��RI�D�KXUULFDQH�GRHV�RU�GRHV�QRW�DIIHFW�D
FHUWDLQ �DUHD �EDVHG �RQ �WKH �$0&3�$0&3PI� SUREDELOLW\
IRUHFDVWV��WKH�WKUHDW�VFRUH��76��LV�FDOFXODWHG�

TS =
H

H+M+FA
, ���

ZKHUH�+�LV�WKH�QXPEHU�RI�KLWV��IRUHFDVWHG�DQG�REVHUYHG��
0�LV�WKH�QXPEHU�RI�PLVVHV��QRW�IRUHFDVWHG�EXW�REVHUYHG��
DQG�)$�LV�WKH�QXPEHU�RI�IDOVH�DODUPV��IRUHFDVWHG�EXW�QRW
REVHUYHG���7R�GHWHUPLQH�WKH�76��D�WKUHDW�SUREDELOLW\��73�
LV �GHILQHG �EDVHG �RQ �WKH �SUREDELOLW\ �PDS �RI �ZKHWKHU �DQ
HYHQW �LV �IRUHFDVWHG �ZLWK �DFFXUDF\ �YDU\LQJ �IURP ��� �WR
������7KH�IRUHFDVWHG�HYHQW�LV�GHILQHG�DV�D�ORFDWLRQ�ZLWK
WKH�ZLQG�VSHHG�SUREDELOLW\�RYHU�WKH�JLYHQ�73��2WKHUZLVH�
LW�LV�QRW�D�IRUHFDVWHG�HYHQW��:LWK�WKLV�GHILQLWLRQ�RI�73�DQG
REVHUYDWLRQV��WKH�KLWV��PLVVHV��DQG�IDOVH�DODUPV�DUH�JHQHU�
DWHG��)URP�WKH�SHUVSHFWLYH�RI�WKH�76��D�ODUJHU�PD[LPXP
LPSOLHV �D �EHWWHU �GHWHUPLQLVWLF �IRUHFDVW� �7KXV� �76�DQG�73
DUH �XVHG �WR �DVVHVV �WKH �LPSURYHPHQW �LQ �$0&3PI� �7R �DV�
VHVV �WKH �FRYHUDJH �RI �WKH �ZLQG �VSHHG �ZDUQLQJ �PDS� �WKH
PLVVLQJ�VFRUH��06��DQG�IDOVH�VFRUH��)6��DUH�FDOFXODWHG�

MS =
M

H+M+FA
, ����

FS =
FA

H+M+FA
. ����

7KH �LQFUHDVHG �06 ��)6� �LQGLFDWHV �DQ �LQFUHDVLQJ �QXP�
EHU�RI�PLVVHG�DODUPV��IDOVH�DODUPV���6LQFH�PLVVHG�DODUPV
DQG�IDOVH�DODUPV�DUH�DOVR�FULWLFDO�IRU�SXEOLF�GLVDVWHU�ZDUQ�
LQJV��WKH�06�DQG�)6�DUH�XVHG�WR�DVVHVV�WKH�LPSURYHPHQW
LQ�$0&3PI�IURP�HQVHPEOH�IRUHFDVWV��ZKLFK�OLNHO\�OHDG�WR

ODUJH�06�EHFDXVH�RI�WKH�OLPLWHG�HQVHPEOH�PHPEHUV��)XU�
WKHUPRUH� �D �ERRWVWUDS �PHWKRG ��(IURQ �DQG �7LEVKLUDQL�
������LV�XVHG�WR�HYDOXDWH�WKH�VLJQLILFDQFH�RI�WKH�PRGLILF�
DWLRQ�IURP�$0&3�WR�$0&3PI� 

������+XUULFDQH�FDVH�VWXGLHV

 

�������3UREDELOLW\�IRUHFDVWV

,Q �WKLV �VHFWLRQ� �SUREDELOLW\ �SURGXFWV �IRU �+XUULFDQHV
,UPD� �+DUYH\� �DQG �6DQG\ �DUH �GLVFXVVHG �WR �FKDUDFWHUL]H
WKH�SHUIRUPDQFH�RI�$0&3PI�FRPSDUHG�ZLWK�$0&3��)LJ�
XUHV ��D±G� LOOXVWUDWH �WKH ����NW �FXPXODWLYH �ZLQG �VSHHG
SUREDELOLW\ �IRUHFDVW �JHQHUDWHG �E\ �$0&3� �PHDQ �HQ�
VHPEOH �IRUHFDVWV ��JOREDO �DYHUDJH �IRUHFDVWV �IURP �(&0�
:)��8.02��DQG�1&(3�SUREDELOLW\�IRUHFDVWV���$0&3PI�
DQG �)1/ �DQDO\VLV� �UHVSHFWLYHO\� �IRU �+XUULFDQH �,UPD �IRU
����K�IRUHFDVWV�DW������87&���6HSWHPEHU�������)LJXUHV
�H±J�VKRZ�WKH �FRUUHVSRQGLQJ �����K �DQG ����NW �SUREDELO�
LW\ �GLIIHUHQFHV �EHWZHHQ �WKH �IRUHFDVWV �DQG �)1/ �DQDO\VLV
FXPXODWLYH �ZLQG �VSHHG �SUREDELOLW\ �PDS �IRU �+XUULFDQH
,UPD�DW������87&���6HSWHPEHU������
)URP �WKH �SUREDELOLW\ �PDS� �WKHUH �LV �D �VLJQLILFDQW �GH�

FUHDVH�LQ�ZLQG�VSHHG�SUREDELOLW\�LQ�$0&3PI� LQODQG�WKDW
LV�FORVHU�WR�)1/��FRPSDUHG�ZLWK�$0&3��7KH�UHVXOWV�LP�
SO\�WKDW�WKH�FRPELQDWLRQ�ZLWK�WKH�HQVHPEOH�IRUHFDVWV�ZLOO
LPSURYH�ZLQG�VSHHG�SUREDELOLW\ �IRUHFDVWV� �HVSHFLDOO\ �IRU
7&V�LQODQG��7R�TXDOLI\�WKLV�LPSURYHPHQW��)LJV���H±J�DOVR
JLYH�WKH�SUREDELOLW\�GLIIHUHQFHV�EHWZHHQ�WKH�IRUHFDVWV�DQG
)1/��6LQFH�WKHUH�DUH�DUHDV�ZLWK�]HUR�SUREDELOLWLHV�IRU�WKH
IRUHFDVW�PDSV�IURP�HDFK�SUREDELOLW\�IRUHFDVW�PRGHO��GLU�
HFWO\ �VXEWUDFWLQJ �WKH �)1/ �DQDO\VLV �IURP �WKHVH �SUREDELO�
LW\ �PDSV�ZLOO �JHQHUDWH �D �ORW �RI �LQYDOLG �SRLQWV �IRU �WKH �DV�
VHVVPHQW��7KHUHIRUH��WKHVH�SRLQWV��RU�ORFDWLRQV��ZLWK�]HUR
SUREDELOLWLHV�LQ�DOO�PDSV��LQFOXGLQJ�$0&3��WKH�HQVHPEOH�
DQG�$0&3PI� �DUH �LJQRUHG�GXULQJ�WKH�FRPSDULVRQ�LQ �WKLV
VHFWLRQ� �$IWHU �HOLPLQDWLQJ �WKHVH �]HUR �SRLQWV� �WKH �PHDQ
�VWDQGDUG �GHYLDWLRQ� �SUREDELOLW\ �GLIIHUHQFH �LV ������
������� �IRU �$0&3� ������ �������� �IRU �WKH �HQVHPEOH�
DQG���������������IRU�$0&3PI��)URP�WKH�SHUVSHFWLYH�RI
WKH�PHDQ�DQG�VWDQGDUG�GHYLDWLRQ�SUREDELOLW\�GLIIHUHQFH��D
PHDQ�DQG�VWDQGDUG�GHYLDWLRQ�SUREDELOLW\�GLIIHUHQFH�FORVH
WR �]HUR �LPSOLHV �D �VPDOO �IRUHFDVW �ELDV� �,W �LV �REYLRXV �WKDW
DIWHU�PRGLILFDWLRQ��$0&3PI�SURYLGHV�D�EHWWHU�ZLQG�SURE�
DELOLW\ �IRUHFDVW �ZLWK �PLQLPXP �ELDV� �)RU �IRUHFDVWV �RYHU
WKH�RFHDQ��WKH�PHDQ��VWDQGDUG�GHYLDWLRQ��SUREDELOLW\�GLI�
IHUHQFH�LV���������������IRU�$0&3����������������IRU
WKH �HQVHPEOH� �DQG �������������� �IRU �$0&3PI� �)RU �LQ�
ODQG�IRUHFDVWV� �WKH�PHDQ��VWDQGDUG�GHYLDWLRQ��SUREDELOLW\
GLIIHUHQFH�LV ���������������IRU �$0&3���������������
IRU�WKH�HQVHPEOH��DQG���������������IRU�$0&3PI��:LWK
D�ORZHU�PHDQ�SUREDELOLW\�GLIIHUHQFH��ZH�IRXQG�WKDW�$0�
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&3�SURYLGHV �D �EHWWHU �SUREDELOLW\ �IRUHFDVW �RYHU �WKH �RFHDQ
FRPSDUHG �WR �WKH �HQVHPEOH� �)RU �WKH �SUREDELOLWLHV �LQODQG�
$0&3 �RYHUHVWLPDWHV �WKH �SUREDELOLWLHV �GHVSLWH �WKH �ZLQG
VSHHG �GHFD\ �PRGHO �FRQWDLQHG �LQ �WKH �$0&3�PRGHO ��.D�
SODQ �DQG �'H0DULD� ������� �DQG �WKH �HQVHPEOH �SURYLGHV �D
EHWWHU �IRUHFDVW �LQODQG� �'XULQJ �WKLV �IRUHFDVW �SHULRG� �D
VLQJOH�PRGHO��HLWKHU�$0&3�RU�WKH�HQVHPEOH��LV�QRW�JRRG
HQRXJK� �,Q �FRQWUDVW� �LQ �FRPELQDWLRQ �WKH\ �SURYLGH �EHWWHU
SUREDELOLW\�IRUHFDVWV�FRPSDUHG�WR�D�VLQJOH�PRGHO�
)LJXUHV ��D±F� LOOXVWUDWH �WKH ����NW �FXPXODWLYH �ZLQG

VSHHG�SUREDELOLW\�IRUHFDVW�JHQHUDWHG�E\�$0&3��PHDQ�HQ�
VHPEOH �IRUHFDVWV ��JOREDO �DYHUDJH �IRUHFDVWV �IURP �(&0�
:)��8.02��DQG�1&(3�SUREDELOLW\�IRUHFDVWV���DQG�$0�
&3PI��UHVSHFWLYHO\��IRU�+XUULFDQH�+DUYH\�IRU�����K�IRUH�
FDVWV�DW������87&����$XJXVW�������)LJXUH��G�VKRZV�WKH
FRUUHVSRQGLQJ�����K�DQG����NW�)1/�DQDO\VLV�FXPXODWLYH
ZLQG �VSHHG �SUREDELOLW\ �PDS �IRU �+XUULFDQH �+DUYH\ �DW
�����87&����$XJXVW�������6LPLODUO\� �WKH�IDOVH�IRUHFDVW

RI�$0&3�LQODQG�LV�VLJQLILFDQWO\�UHGXFHG�DIWHU�FRPELQHG
ZLWK�WKH�HQVHPEOH�IRUHFDVW��7R�TXDOLI\�WKLV�LPSURYHPHQW�
)LJV� ��H±J� VKRZ �WKH �SUREDELOLW\ �GLIIHUHQFH �EHWZHHQ �WKH
IRUHFDVW�DQG�)1/��6LPLODU�WR�WKH�DQDO\VLV�ZLWK�+XUULFDQH
,UPD� �DIWHU �LJQRULQJ �WKH �]HUR �SUREDELOLW\ �SRLQWV �DV �GLV�
FXVVHG �DERYH� �WKH �PHDQ ��VWDQGDUG �GHYLDWLRQ� �SUREDELOLW\
GLIIHUHQFH�LV����������������IRU�$0&3���������������
IRU �WKH �HQVHPEOH� �DQG ������ �������� �IRU �$0&3PI�
:KLOH�WKH�*)6�WUDFN�PRYHV�QRUWKZHVW�LQODQG�DQG�WKH�EHVW
WUDFN�PRYHV�QRUWKHDVW��$0&3�SURGXFHV�D�SRRU�WUDFN�UHDO�
L]DWLRQ�DQG�D�SRRU�ZLQG�VSHHG�SUREDELOLW\�IRUHFDVW�LQODQG
ZLWK�D�ODUJH�ELDV��$IWHU�PRGLILFDWLRQ��$0&3PI�SURYLGHV�D
EHWWHU �ZLQG �SUREDELOLW\ �IRUHFDVW �ZLWK �D �ORZHU �ELDV �FRP�
SDUHG �WR �$0&3� �7KLV �LQGLFDWHV �WKDW �FRPELQLQJ �$0&3
ZLWK�WKH�HQVHPEOH�IRUHFDVWV�LPSURYHV�WKH�IRUHFDVW�DELOLW\
IRU �+XUULFDQH �+DUYH\� �)RU �IRUHFDVWV �RYHU �WKH �RFHDQ� �WKH
PHDQ ��VWDQGDUG �GHYLDWLRQ� �SUREDELOLW\ �GLIIHUHQFH �LV
����� �������� �IRU �$0&3� ������ �������� �IRU �WKH �HQ�
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)LJ�������7KH����NW�FXPXODWLYH�ZLQG�VSHHG�SUREDELOLW\�IRU�+XUULFDQH�,UPD�IURP��D��$0&3���E��WKH�HQVHPEOH�PHDQ��(16����F��$0&3PI��DQG��G�
)1/ �DQDO\VLV �IRU ���� �K �DW ����� �87& �� �6HSWHPEHU ������ ��H±J� �7KH ����NW �FXPXODWLYH �ZLQG �VSHHG �SUREDELOLW\ �GLIIHUHQFH �IRU �+XUULFDQH �,UPD
EHWZHHQ�$0&3� �WKH �PHDQ�HQVHPEOH �IRUHFDVW� �DQG�$0&3PI� �UHVSHFWLYHO\� �DQG�)1/�DQDO\VLV �IRU �WKH �����K�IRUHFDVW �DW ������87&���6HSWHPEHU
������7KH�UHG��JUHHQ��PDJHQWD��F\DQ��DQG�EODFN�OLQHV��SRLQWV��UHSUHVHQW�WKH�KXUULFDQH�WUDFN��SRVLWLRQV�HYHU\����K��WKHUH�DUH�RQO\����SRVLWLRQ�SRLQWV
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VHPEOH� �DQG ������ �������� �IRU �$0&3PI� �)RU �LQODQG
IRUHFDVWV� �WKH �PHDQ ��VWDQGDUG �GHYLDWLRQ� �SUREDELOLW\ �GLI�
IHUHQFH �LV ������ ��������� �IRU �$0&3� ������ ��������
IRU �WKH �HQVHPEOH� �DQG �������������� �IRU �$0&3PI� �:H
IRXQG �WKDW �WKH �HQVHPEOH �FDQ �LPSURYH �QRW �RQO\ �LQODQG
IRUHFDVWV �EXW �DOVR �IRUHFDVWV �RYHU �WKH �RFHDQ� �&RQVLGHULQJ
WKDW�WKHUH�LV�D�ODUJHU�HUURU�IRU�WKH�*)6�IRUHFDVW�WUDFN��WKH
HQVHPEOH�PRGHO�FDQ�PRGLI\�WKH�$0&3�IRUHFDVW�EDVHG�RQ
WKDW�SRRU�WUDFN�IURP�WKH�*)6�
)LJXUHV ��D±F� VKRZ �WKH ����NW �FXPXODWLYH �ZLQG �VSHHG

SUREDELOLW\ �PDSV �IRU �+XUULFDQH �6DQG\ �IURP �$0&3�
PHDQ�HQVHPEOH�IRUHFDVWV��DQG�$0&3PI��UHVSHFWLYHO\��IRU
WKH�����K�IRUHFDVW�DW������87&����2FWREHU�������)LJXUH
�G� VKRZV �WKH �����K �DQG ����NW �)1/�DQDO\VLV �FXPXODWLYH
ZLQG�VSHHG�SUREDELOLW\�PDS�IRU�+XUULFDQH�6DQG\�DW�����
87& ��� �2FWREHU ������ �:H �IRXQG �WKDW �WKH �FRPELQDWLRQ
QRW �RQO\ �HOLPLQDWHV �WKH �IDOVH �LQODQG �IRUHFDVW �RI �$0&3
EXW�DOVR�LPSURYHV�WKH�IRUHFDVW�RYHU�WKH�RFHDQ��DV�$0&3PI
SURYLGHV�EHWWHU �ORFDWLRQ�IRUHFDVWV�RI�PD[LPXP�SUREDELO�
LW\��)LJXUHV��H±J�VKRZ�WKH�GLIIHUHQFHV�EHWZHHQ�WKH�IRUH�
FDVWV�DQG�)1/��$IWHU�LJQRULQJ�WKH�]HUR�SRLQWV� �WKH�PHDQ
�VWDQGDUG �GHYLDWLRQ� �SUREDELOLW\ �GLIIHUHQFH �LV �í�����
������� �IRU �$0&3� ������ �������� �IRU �WKH �HQVHPEOH�

DQG�í��������������IRU�$0&3PI��)RU�IRUHFDVWV�RYHU�WKH
RFHDQ� �WKH �PHDQ ��VWDQGDUG �GHYLDWLRQ� �SUREDELOLW\ �GLIIHU�
HQFH �LV �í������������� �IRU �$0&3� �������������� �IRU
WKH�HQVHPEOH��DQG�í��������������IRU�$0&3PI��)RU�LQ�
ODQG�IRUHFDVWV� �WKH�PHDQ��VWDQGDUG�GHYLDWLRQ��SUREDELOLW\
GLIIHUHQFH�LV ���������������IRU �$0&3���������������
IRU�WKH�HQVHPEOH��DQG���������������IRU�$0&3PI��&RP�
SDUHG�WR�$0&3��VLPLODU�WR�+XUULFDQHV�,UPD�DQG�+DUYH\�
WKH�$0&3PI�SUREDELOLW\�IRUHFDVW�LV�DOVR�LPSURYHG�E\�WKH
HQVHPEOH�IRUHFDVW�ZLWK�ORZHU�ELDV��0HDQZKLOH��VLPLODU�WR
)LJ�����$0&3PI�SURYLGHV�WKH�EHVW�ZLQG�SUREDELOLW\�IRUH�
FDVW�ZLWK�PLQLPXP�ELDV�FRPSDUHG�WR�$0&3�DQG�WKH�HQ�
VHPEOH��7KLV�DJDLQ�FRQILUPV�WKDW�WKLV�FRPELQDWLRQ��$0�
&3PI� �SHUIRUPV �EHWWHU �WKDQ �HLWKHU �VLQJOH �PRGHO� �QDPHO\�
$0&3�RU�WKH�HQVHPEOH��LQ�VRPH�FDVHV�
%DVHG �RQ �WKH �SUREDELOLW\ �PDSV �DERYH� �ZH �FDQ �FRQ�

FOXGH�WKDW�WKH�$0&3�PRGHO�PD\�SURGXFH�SRRU�IRUHFDVWV
ZLWK �D �SRRU �HVVHQWLDO �F\FORQH �WUDFN� �7KH �HQVHPEOH �IRUH�
FDVW �UHVXOWV �DUH �XVHIXO �LQ �PRGLI\LQJ �WKH �$0&3 �UHVXOWV�
QRW �RQO\�IRU �WUDFN�GLUHFWLRQ�EXW �DOVR�IRU �LQODQG�SUREDELO�
LW\ �GLVWULEXWLRQ� �7R �IXUWKHU �H[SORUH �WKH �FKDUDFWHULVWLFV �RI
WKH�$0&3��$0&3PI��DQG�HQVHPEOH�IRUHFDVW�ZLQG�VSHHG
SUREDELOLW\��)LJ� ��� VKRZV �WKUHH �VFDWWHU �GLDJUDPV �WKDW �LQ�
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�
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���$XJXVW������
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GLFDWH�WKH�UHODWLRQVKLS�RI�$0&3��HQVHPEOH�IRUHFDVWV��DQG
$0&3PI� WR �WKH �)1/ �DQDO\VLV �IRU �WKH ����NW �DQG �����K
���� �K �IRU �6DQG\� �FXPXODWLYH �SUREDELOLW\ �IRUHFDVWV �IRU
+XUULFDQHV �,UPD� �+DUYH\� �DQG �6DQG\� �&RQVLGHULQJ �WKH
VPDOO�LQWHUFHSW���������ZH�IRFXV�RQO\�RQ�WKH�VORSH�RI�OLQ�
HDU �ILWWLQJ �LQ �WKLV �VHFWLRQ� �)URP �WKH �SHUVSHFWLYH �RI �WKH
VORSH �DQG �WKH �GHWHUPLQDWLRQ �FRHIILFLHQW ��5�� �LQ �ILWWLQJ� �D
VORSH�FORVH�WR���LPSOLHV�D�EHWWHU�IRUHFDVW�DQG�D�ODUJHU�5�

LPSOLHV�D�VPDOO�GLVSHUVLRQ�IRU�WKH�ZLQG�VSHHG�SUREDELOLW\
IRUHFDVW� �)RU �+XUULFDQH �,UPD� �WKH �VORSH ��5�� �IRU �$0&3�
WKH �HQVHPEOH� �DQG �$0&3PI� LV ����� �������� ����� ��������
DQG��������������UHVSHFWLYHO\��&RPSDUHG�WR�WKH�)1/�DQD�
O\VLV� �$0&3�RYHUHVWLPDWHV�ZKLOH�WKH�HQVHPEOH�XQGHUHV�
WLPDWHV �WKH �ZLQG �VSHHG �SUREDELOLW\� �$IWHU �PRGLILFDWLRQ�
$0&3PI� SURGXFHV �D �PRUH �FRQFHQWUDWHG �SUREDELOLW\ �GLV�
WULEXWLRQ �ZLWK �LQFUHDVHG� 5�� �)RU �+XUULFDQH �+DUYH\� �WKH
VORSH��5���IRU�$0&3��WKH�HQVHPEOH��DQG�$0&3PI�LV�����
������� ����� �������� �DQG ���� �������� �UHVSHFWLYHO\� �&RP�
SDUHG �WR �WKH �)1/ �DQDO\VLV� �ERWK �$0&3 �DQG �WKH �HQ�
VHPEOH�XQGHUHVWLPDWH�WKH�ZLQG�VSHHG�SUREDELOLW\��6LPLODU
WR�+XUULFDQH�,UPD��DIWHU�PRGLILFDWLRQ��$0&3PI�SURGXFHV
D �PRUH �FRQFHQWUDWHG �SUREDELOLW\ �GLVWULEXWLRQ �ZLWK �LQ�

FUHDVHG�5�� DQG �D �ORZHU �ELDV �ZLWK �VORSH �FORVHU �WR ��� �)RU
+XUULFDQH �6DQG\� �WKH �VORSH ��5�� �IRU �$0&3� �WKH �HQ�
VHPEOH��DQG�$0&3PI�LV���������������������������DQG�����
��������UHVSHFWLYHO\��$JDLQ��FRPELQHG�ZLWK�WKH�HQVHPEOH�
$0&3PI�SURYLGHV �D �PRUH�FRQFHQWUDWHG�SUREDELOLW\ �IRUH�
FDVW�DQG�LV�PRUH�OLNHO\�WR�GLVWULEXWH�DORQJ�WKH�³[� �\´�OLQH�
7KURXJK �WKH �DERYH �DQDO\VLV� �LW �FDQ �EH �FRQFOXGHG �WKDW
FRPELQLQJ �$0&3 �ZLWK �WKH �HQVHPEOH �FDQ �GHFUHDVH �WKH
GLVSHUVLRQ �RI �WKH �$0&3 �SUREDELOLW\ �IRUHFDVW� �,Q �VRPH
FDVHV� �$0&3PI� LV �EHWWHU �WKDQ �WKH �HQVHPEOH �IRUHFDVW�
SURYLQJ �WKDW �WKH �FRPELQDWLRQ �RI �$0&3 �DQG �HQVHPEOH
IRUHFDVWV �FDQ�SURYLGH�D �EHWWHU �IRUHFDVW �WKDQ�DQ\�RI �WKHVH
VLQJOH�PRGHOV��7R�IXUWKHU�FODULI\�WKH�UHOLDELOLW\�RI�$0&3PI�
VWDWLVWLFDO�HYDOXDWLRQ�LV�SURYLGHG�LQ�WKH�QH[W�VHFWLRQ� 

�������6WDWLVWLFDO�HYDOXDWLRQ

,Q�WKLV�VHFWLRQ��$0&3�DQG�$0&3PI�DUH�TXDQWLWDWLYHO\
FRPSDUHG �WR �DVVHVV �WKH �LPSURYHPHQW �E\ �LQWURGXFLQJ �WKH
HQVHPEOH �PRGHO� �)LUVW� �WKH �PXOWLSOLFDWLYH �ELDV �EDVHG �RQ
FXPXODWLYH�ZLQG�VSHHG�SUREDELOLW\�LV�H[DPLQHG�DV�D�IXQF�
WLRQ �RI �OHDG �WLPH� �DV �VKRZQ �LQ�)LJ� ��� �$FFRUGLQJ �WR �(T�
���� �PXOWLSOLFDWLYH�ELDV �!�������� �LPSOLHV �DQ�RYHUHVWLPD�
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WLRQ��XQGHUHVWLPDWLRQ��RI�WKH�DYHUDJHG�IRUHFDVW�SUREDELO�
LW\��)LJXUH��D�VKRZV�WKH�DYHUDJHG�PXOWLSOLFDWLYH�ELDVHV�RI
$0&3�DQG�$0&3PI�IRU�+XUULFDQH�,UPD�DW�GLIIHUHQW�IRUH�
FDVW�F\FOHV�������87&���6HSWHPEHU������IRU�WKH��±����
K�IRUHFDVW�������87&���6HSWHPEHU������IRU�WKH��±����K
IRUHFDVW��DQG������87&����6HSWHPEHU������IRU�WKH��±���K
IRUHFDVW� �WKH�IRUHFDVW �WLPHV�DUH�OLPLWHG�E\�KXUULFDQH�GLV�
VLSDWLRQ�WLPH�IURP�WKH�*)6�IRUHFDVW�� �$FFRUGLQJ�WR�)LJ�
�D� �WKH �GLIIHUHQFHV �EHWZHHQ �$0&3�DQG �WKH �DQDO\VLV �DUH
VLJQLILFDQWO\ �UHGXFHG �E\ �DGGLQJ �WKH �HQVHPEOH �IRUHFDVWV�
$IWHU �PRGLILFDWLRQ� �IRU �WKH ���±���K �IRUHFDVW� �WKH �PXOWL�
SOLFDWLYH �ELDV �IRU �HDFK �ZLQG�VSHHG�WKUHVKROG �LV �FORVHU �WR
���PHDQLQJ�WKDW�$0&3PI�SURGXFHV�D�ZLQG�VSHHG�SUREDE�
LOLW\ �FORVHU �WR �WKH �DQDO\VLV� �'XULQJ �WKLV �IRUHFDVW �SHULRG�
WKH�KXUULFDQH�LV�LQ�LWV�ODQGIDOO��DQG�WKH�ZLQG�VSHHG�LQ�WKH
LQODQG �SDUW �RI �WKH �KXUULFDQH �GRHV �QRW �GHFUHDVH� �7KLV
FDXVHV �$0&3 �WR �RYHUHVWLPDWH �SUREDELOLWLHV �IRU �LQODQG
DUHDV� �$W �WKH �VDPH �WLPH� �WKH �HQVHPEOH �IRUHFDVW �JLYHV �D
PRUH �DFFXUDWH �ZLQG �VSHHG �DQG �SUREDELOLW\ �IRUHFDVW�
7KHUHIRUH� �WKH �FRPELQDWLRQ �ZLWK �WKH �HQVHPEOH �FDQ
SURYLGH �EHWWHU �SUREDELOLW\ �IRUHFDVWV �ZLWK �UHGXFHG �PXOWL�
SOLFDWLYH �ELDV� �7KH �VLJQLILFDQW �GHFUHDVH �LQ �PXOWLSOLFDWLYH
ELDV�IRU�$0&3�DW�WKH���±����K�IRUHFDVW�PLJKW�EH�FDXVHG
E\ �ZLQG �VSHHG �GHFD\ �WKURXJK �(T� ���� �DIWHU �KXUULFDQH
ODQGIDOO��EDVHG�RQ�WKH�*)6�WUDFN��+XUULFDQH�,UPD¶V�ODQG�
IDOO�RFFXUUHG�DW������87&����6HSWHPEHU��������7KH�GH�
FUHDVHG �ZLQG �VSHHG �OHDGV �WR �VPDOOHU �SUREDELOLW\ �DQG �UH�
GXFHV�WKH�GLIIHUHQFH�EHWZHHQ�$0&3�DQG�WKH�DQDO\VLV��HV�
SHFLDOO\�IRU�D�ZLQG�VSHHG�RI����NW��LQ�ZKLFK�WKH�PXOWLSOLF�
DWLYH �ELDV �GHFUHDVHV �IURP�������IRU �WKH ����K�IRUHFDVW� �WR
������IRU�WKH����K�IRUHFDVW��

)RU�+XUULFDQH�+DUYH\��WKH�DYHUDJHG�PXOWLSOLFDWLYH�EL�
DVHV�RI�$0&3�DQG�$0&3PI�IRU�GLIIHUHQW�IRUHFDVWV������
87& ���±�� �$XJXVW ����� �IRU �WKH ��±����K �IRUHFDVW� �DQG
�� �$XJXVW ����� �IRU �WKH ��±����K �IRUHFDVW� �WKH �IRUHFDVW
WLPHV �DUH �OLPLWHG�E\�WKH �KXUULFDQH�GLVVLSDWLRQ�WLPH�IURP
WKH �*)6 �IRUHFDVW� �DUH �VKRZQ �LQ�)LJ� ��E� �%HFDXVH �RI �WKH
ORZHU �ZLQG �VSHHGV �RI �+XUULFDQH �+DUYH\ �DW �ODQGIDOO ��VHH
)LJ� ��G�� �RQO\ �WKH �PXOWLSOLFDWLYH �ELDVHV �IRU �$0&3 �DQG
$0&3PI� DW ���±�� �NW �DUH �GLVSOD\HG �KHUH� �(UURUV �LQ �ERWK
WKH�*)6�IRUHFDVW�WUDFN�DQG�LQODQG�$0&3�LQWHQVLW\�UHDOL]�
DWLRQV�SURGXFH�KLJKHU�SUREDELOLWLHV�LQODQG�FRPSDUHG�ZLWK
WKH �)1/ �DQDO\VLV� �7KHVH �KLJKHU �SUREDELOLWLHV �IURP �WKH
$0&3�IRUHFDVW �OHDG �WR �D �YHU\ �ODUJH �PXOWLSOLFDWLYH �ELDV�
ZLWK�D�PD[LPXP�RI�DERXW������IRU����NW�ZLQG��������IRU
���NW �ZLQG� �DQG ������� �IRU ����NW �ZLQG� �$IWHU �PRGLILFD�
WLRQ� �DOO �PXOWLSOLFDWLYH �ELDV �GHFUHDVHV� �DQG �WKH �ODUJHVW
PXOWLSOLFDWLYH �ELDV �DW ���� ���� �DQG ��� �NW �LV �UHGXFHG �WR
DERXW�������������DQG��������UHVSHFWLYHO\�
)RU �+XUULFDQH �6DQG\� �WKH �DYHUDJHG �PXOWLSOLFDWLYH �EL�

DVHV�RI�$0&3�DQG�$0&3PI�IRU�GLIIHUHQW�IRUHFDVW�F\FOHV
������87&����2FWREHU�IRU�WKH��±����K�IRUHFDVW�����2F�
WREHU �IRU �WKH ��±���K �IRUHFDVW� �DQG ��� �2FWREHU ����� �IRU
WKH��±���K�IRUHFDVW��WKH�IRUHFDVW�WLPHV�DUH�OLPLWHG�E\�WKH
KXUULFDQH �GLVVLSDWLRQ �WLPH �IURP �WKH �*)6 �IRUHFDVW� �DUH
VKRZQ�LQ�)LJ���F��&RQVLGHULQJ�WKDW�WKHUH�DUH�PDQ\�ORZHU
SUREDELOLW\ �IRUHFDVWV �LQ �$0&3 ��VHH� )LJ� ��D�� �WKH �PXOWL�
SOLFDWLYH�ELDV�LV�OHVV�WKDQ���IRU�ZLQG�VSHHGV�RI���������DQG
���NW� �7KH�SUREDELOLW\�DW ����DQG����NW�KDV�D�PXOWLSOLFDW�
LYH �ELDV �RYHU �� �EHFDXVH �RI �WKH �ORZHU �IUHTXHQF\ �RI �WKH
)1/�KLJK�ZLQG�VSHHG��7KDW�LV��$0&3�RYHUHVWLPDWHV�KLJK
ZLQG�VSHHGV�DQG�OHDGV�WR�ODUJH�PXOWLSOLFDWLYH�ELDV��$IWHU
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PRGLILFDWLRQ�LQFOXGLQJ�WKH�HQVHPEOH�IRUHFDVWV��WKH�PXOWL�
SOLFDWLYH�ELDV�LQFUHDVHV�DW���������DQG����NW��ZKLOH�LW�GH�
FUHDVHV �DW ��� �DQG ��� �NW� �OHDGLQJ �WR �D �EHWWHU �SUREDELOLW\
IRUHFDVW�IRU�PXOWLSOLFDWLYH�ELDV�FORVH�WR���
%DVHG�RQ�WKH�FXPXODWLYH�IRUHFDVW�GDWD�GHSLFWHG�LQ�)LJ�

���)LJ����VKRZV�WKH�PD[LPXP�76�DQG�FRUUHVSRQGLQJ�73
YDULDWLRQ �EHIRUH �DQG �DIWHU �WKH �PRGLILFDWLRQ �IRU �WKH �FRP�
ELQHG �GDWDVHWV �RI �+XUULFDQHV �,UPD� �+DUYH\� �DQG �6DQG\�
%HFDXVH�WKH�PD[LPXP�76V�IRU�+XUULFDQHV�,UPD��+DUYH\�
DQG�6DQG\�DUH�DOO�KLJKHU�LQ�WKH�$0&3PI�WKDQ�LQ�WKH�$0�
&3 �IRUHFDVW� �WKH �PD[LPXP �76 �VKRZV �DQ �LQFUHDVH �RI
DERXW �����±���� �DW ���±�� �NW� �DV �VKRZQ �LQ� )LJ� ��D� �7KLV
LQGLFDWHV �DQ �LPSURYHPHQW �LQ �ELQDU\ �GHWHUPLQLVWLF �IRUH�
FDVWV �IRU �WKH �PRGLILHG �PHWKRG� �0HDQZKLOH� �WKH �FRUUHV�
SRQGLQJ�73�LV�ORZHU�H[FHSW�DW����NW�IRU�WKH����K�IRUHFDVW�
7KH �ODUJHU �76 �DQG �VPDOOHU �73 �LQGLFDWH �D �EHWWHU �ELQDU\
�7&�DIIHFWV �RU �GRHV �QRW �DIIHFW� �IRUHFDVW �PDS�IRU �GLVDVWHU

ZDUQLQJV�
7R�GHWHUPLQH�WKH�VLJQLILFDQFH�RI�WKHVH�FKDQJHV�LQ�76�

D �ERRWVWUDS� W�WHVW �LV �XVHG �KHUH� �7KH �ERRWVWUDS� W�WHVW �LV �D
XVHIXO �PHWKRG�WR �DVVHVV �WKH �GLIIHUHQFH�EHWZHHQ�WZR�VHWV
RI �VPDOO�VDPSOH �GDWD� �DV �LW �UDQGRPO\ �VDPSOHV �IURP �WKH
VPDOO �VDPSOH �WR �YHULI\ �ZKHWKHU �RU �QRW �D �FKDQJH �LQ �WKH
VPDOO�VDPSOH �GDWD �LV �VLJQLILFDQW ��(IURQ �DQG �7LEVKLUDQL�
������ �$W �D �VSHFLILF �OHDG �WLPH �IURP �GLIIHUHQW �IRUHFDVW
F\FOHV� �WKH �WKUHDW �VFRUH �LV �ILUVW �WUDQVIRUPHG �DFFRUGLQJ �WR
(IURQ�DQG�7LEVKLUDQL��������DQG�WKHQ�UDQGRPO\�VDPSOHG
WR�JHQHUDWH�WKH�VDPSOHV�IRU�WKH�ERRWVWUDS�W�WHVW��7KH�SURE�
DELOLW\�RI�7��WHVW�VWDWLVWLF�IURP�QHZ�VDPSOHV��ODUJHU�WKDQ�W
�WHVW�VWDWLVWLF�IURP�RULJLQDO�GDWD��LV�FRPSDUHG�WR�WKH�VLJQL�
ILFDQFH�OHYHO�WR�GHWHUPLQH�WKH�LPSURYHPHQW��7KURXJK�WKH
ERRWVWUDS�W�WHVW��ZH�IRXQG�WKDW�WKH�PD[LPXP�76�LPSURYH�
PHQW�IRU�IRUHFDVW�ZLQG�VSHHG�RI���±���NW�LV�VLJQLILFDQW�DW
WKH ����� �VLJQLILFDQFH �OHYHO �DW �HDFK �IRUHFDVW �WLPH� �6RPH
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IRUHFDVWV��DW����DQG���±����K��DW����NW�SURGXFH�VLJQLILF�
DQW �LPSURYHPHQWV �DW �WKH ����� �VLJQLILFDQFH �OHYHO� �DQG �DW
WKH ����� �VLJQLILFDQFH �OHYHO �IRU �VRPH �IRUHFDVW �WLPHV� �7KH
LPSURYHPHQW�LV�QRW�VLJQLILFDQW�IRU�ZLQG�VSHHGV�RI���±��
NW�DW�D�VLJQLILFDQFH�OHYHO�JUHDWHU�WKDQ������7KH�PD[LPXP
76�LQGLFDWHV �WKH �VNLOO �RI �WKH �GHWHUPLQLVWLF �IRUHFDVWV� �WKDW
LV��WKH�ELQDU\�IRUHFDVW�RI�ZKHWKHU�RU�QRW�WKH�KXUULFDQH�FDQ
DIIHFW �D �VSHFLILF �ORFDWLRQ� �7KHUHIRUH� �WKH �LQFUHDVHG �PD[�
LPXP�76�DW���±���NW�LPSOLHV�WKH�VNLOO�RI�$0&3PI�LQ�GH�
WHUPLQLVWLF �IRUHFDVWV� �QDPHO\� �WKH �FRYHUDJH �DUHD �IRU �WKH
$0&3PI�SUREDELOLW\�PDS�LV�FORVHU�WR�WKDW�IURP�WKH�)1/
DQDO\VLV� �$V �LQGLFDWHG �E\ �WKH �GLVFXVVLRQ �LQ �6HFWLRQ �����
WKH�$0&3�FRYHUDJH�DUHD�LV�FRQWUROOHG�PDLQO\�E\�WKH�ED�
VLF �IRUHFDVW �WUDFN� �7KHUHIRUH� �WKH �LQWURGXFWLRQ �RI �WKH �HQ�
VHPEOH �PRGHO �UHVXOWV �LQ �WKH �$0&3 �PRGHO �PRGLILHV �WKH
SRRU�WUDFN�IRUHFDVW�DQG�LPSURYHV�WKH�ZLQG�VSHHG�SUREDE�
LOLW\ �GHWHUPLQLVWLF �IRUHFDVW �DW �ORZ �ZLQG �VSHHGV� �)RU �73�
WKH�ERRWVWUDS� W�WHVW �LPSOLHV �WKDW �DOPRVW �DOO �RI �WKH �FKDQJH
LQ �73 �LV �VLJQLILFDQW �DW �VLJQLILFDQFH �OHYHOV �OHVV �WKDQ �����
DQG�OHVV�WKDQ������H[FHSW�IRU�WKH����NW�IRUHFDVW�DW��������
DQG ���� �K� �8VXDOO\� �WKH �ORZHU �SUREDELOLWLHV �DOZD\V �GLV�
WULEXWH�DORQJ�WKH�HGJH�RI�WKH�SUREDELOLW\�PDS��7KHUHIRUH�
WKH �GHFUHDVHG�73�LPSOLHV �WKDW �D �PRUH �DFFXUDWH �SUREDELO�
LW\ �PDS �FDQ �EH �XVHG �WR �SURGXFH �ELQDU\ �GHWHUPLQLVWLF
�7& �DIIHFWV �RU �GRHV �QRW �DIIHFW� �IRUHFDVWV� �2YHUDOO� �WKH
$0&3PI�PRGHO �FDQ �SURYLGH �D �EHWWHU �GHWHUPLQLVWLF �IRUH�
FDVW�ZLQG�VSHHG�SUREDELOLW\�PDS�DW���±���NW�DQG�LV�PRUH

DFFXUDWH�DW�DOO�ZLQG�WKUHVKROGV� 

������0DMRU�KXUULFDQHV�GXULQJ�WKH������VHDVRQ

,Q�WKLV�VHFWLRQ������K�ZLQG�VSHHG�SUREDELOLW\�IRUHFDVWV
DUH �FRQGXFWHG �IRU �WZR�PDMRU �ODQGIDOOLQJ �KXUULFDQHV �RYHU
WKH�$WODQWLF�2FHDQ�LQ�WKH������VHDVRQ��)RUHFDVWV�DW�����K
IRU�+XUULFDQH�)ORUHQFH��ILUVW�DQG�ODVW�UHDOL]DWLRQ�FDVH�LQL�
WLDOL]HG �DW ����� �87& ��� �DQG ����� �87& ��� �6HSWHPEHU
����� �DQG �+XUULFDQH �0LFKDHO ��ILUVW �DQG �ODVW �UHDOL]DWLRQ
FDVH�LQLWLDOL]HG�DW ������87&���DQG������87&����2FWR�
EHU ������ �DUH �FRQGXFWHG �DW ����� �DQG ����� �87& �HYHU\
GD\� �7KH �LPSURYHPHQWV �RI �$0&3PI� RYHU �WKH �HQVHPEOH
IRUHFDVWV�DQG�$0&3�PRGHO�DUH�TXDQWLILHG�
6LPLODUO\� �WKH �PXOWLSOLFDWLYH �ELDV �IRU �PDMRU �KXUULFDQH

FDVHV�LQ������EDVHG�RQ�WKH�FXPXODWLYH�ZLQG�VSHHG�SURE�
DELOLW\ �LV �H[DPLQHG �DV �D �IXQFWLRQ �RI �OHDG �WLPHV ��)LJ� ����
6LPLODU �WR �WKH �FDVH �VWXG\ �IRU �+XUULFDQHV �,UPD� �+DUYH\�
DQG �6DQG\� �WKH �PXOWLSOLFDWLYH �ELDV �LV �VLJQLILFDQWO\ �UH�
GXFHG�E\�DGGLQJ�WKH�HQVHPEOH�IRUHFDVWV��$IWHU�PRGLILFD�
WLRQ��HVSHFLDOO\�IRU�WKH���±����K�IRUHFDVW��WKH�PXOWLSOLFDW�
LYH �ELDV �IRU �HDFK �ZLQG �VSHHG �WKUHVKROG �LV �FORVHU �WR ���
PHDQLQJ �WKDW �$0&3PI�SURGXFHV �D �ZLQG �VSHHG �SUREDELO�
LW\ �FORVHU �WR �WKH �DQDO\VLV� �FRQVLVWLQJ �RI �WKH �DERYH �FDVH
VWXG\�
)LJXUHV��D�DQG��E�VKRZ�WKH�76�DQG�73�IRU�WKH�PDMRU

KXUULFDQH�FDVHV�LQ�WKH������VHDVRQ�EDVHG�RQ�WKH�FXPXODW�
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LYH�ZLQG�VSHHG�SUREDELOLW\�DW�HDFK�IRUHFDVW�OHDG�WLPH��$V
LQ�WKH�FDVH�VWXGLHV�LQ�WKH�SUHYLRXV�VHFWLRQ��IRU�WKH�PDMRU
KXUULFDQHV �LQ �WKH ����� �VHDVRQ� �$0&3PI� SURYLGHV �ODUJHU
76��H[FHSW�WKDW�RI����NW�ZLQG�VSHHG�DW�����K��DQG�VPDO�
OHU�73�DW�HDFK�OHDG�WLPH��7KH�ERRWVWUDS�W�WHVW�LPSOLHV�WKDW
WKH �LQFUHDVHG �76 �LV �VLJQLILFDQW �DW �WKH ����� �VLJQLILFDQFH
OHYHO������VLJQLILFDQFH�OHYHO��DW�WKH���±����K�IRUHFDVW�IRU
WKH�ZLQG�VSHHG�WKUHVKROG�RI ���±���NW �����NW�� �6LPXOWDQ�
HRXVO\��WKH�GHFUHDVHG�73�DW���±����K�LV�VLJQLILFDQW�DW�WKH
���� �VLJQLILFDQFH �OHYHO �H[FHSW �IRU ����NW �ZLQG �DW ��� �DQG
��� �K� �6LJQLILFDQWO\ �LQFUHDVHG �76 �DQG�RU �QRWDEO\ �GH�
FUHDVHG �73 �LQGLFDWH �D �VWURQJ �HQKDQFHG �ELQDU\ �GHWHUPLQ�
LVWLF �IRUHFDVW �IRU ���±���NW �ZLQG� �2YHUDOO� �DGGLQJ�WKH�HQ�
VHPEOH�IRUHFDVW �FDQ�SURYLGH�D �PRUH�DFFXUDWH �SUREDELOLW\

PDS�WKDW�FDQ�EH�XVHG�WR�SURGXFH�ELQDU\�GHWHUPLQLVWLF��7&
DIIHFWV�RU�GRHV�QRW�DIIHFW��IRUHFDVWV�
$FFRUGLQJ�WR�WKH�FDVH�VWXGLHV��WR�VRPH�H[WHQW��WKH�HQ�

VHPEOH �IRUHFDVW �LV �SRVVLEO\ �PRUH �DFFXUDWH �WKDQ �$0&3
DQG �$0&3PI� �+RZHYHU� �IRU �D �SXEOLF �GLVDVWHU �ZDUQLQJ
V\VWHP �VXFK �DV �0&3�$0&3�$0&3PI� �PLVVLQJ �DODUPV
DUH �PRUH �GLVDVWURXV �WKDQ �IDOVH �DODUPV� �&RQVLGHULQJ �WKDW
WKH�06�DQG�)6�RI�KLJK�ZLQG�DUH�PRUH�FULWLFDO�IRU�SXEOLF
GLVDVWHU �ZDUQLQJV�� )LJ� ��� VKRZV �WKH �IDOVH �DQG �PLVVLQJ
VFRUHV��DW�WKH�73�WKDW�JHQHUDWHV�WKH�ODUJHVW�76��RI�WKH�HQ�
VHPEOH �DQG �$0&3PI� EDVHG �RQ �WKH �FXPXODWLYH �ZLQG
VSHHG �SUREDELOLW\ �DW �KLJK �ZLQG ����±�� �NW� �WKUHVKROGV�
)LJXUH��� LQGLFDWHV�WKDW �06�LV �DOZD\V�ODUJHU� �ZKLOH�)6�LV
RIWHQ�VPDOOHU�LQ�WKH�HQVHPEOH�IRUHFDVWV��&RPSDUHG�WR�WKH
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VWURQJ �UHGXFHG �06�RI �$0&3PI� �HVSHFLDOO\ �IRU �WKH �ZLQG
VSHHG�RI����NW��)6�RIWHQ�LQFUHDVHV�VOLJKWO\��7KH�FRPELQD�
WLRQ �RI �$0&3�DQG �WKH �HQVHPEOH �IRUHFDVWV �FRXOG �H[WHQG
WKH �ZLQG �VSHHG �SUREDELOLW\ �PDS ��VHH� )LJV� ��±�� �DQG �UH�
GXFH�06�IURP�WKH �HQVHPEOH �IRUHFDVWV��)LJXUH ���DOVR �LQ�
GLFDWHV �WKDW �WKH �UHGXFHG �PLVVHG �DODUPV �ZLOO �QRW �DOO �EH�
FRPH �IDOVH �DODUPV �DIWHU �WKH �FRPELQDWLRQ� �DQG �VRPH �ZLOO
EHFRPH�KLWV� �7KHUHIRUH� �ZLWK �GHFUHDVHG�06�DQG�VOLJKWO\
LQFUHDVHG �76� �WKH �H[WHQGHG �ZLQG �VSHHG �SUREDELOLW\ �PDS
IURP �$0&3PI� FDQ �SURYLGH �XVHIXO �KLW �ZDUQLQJ �LQIRUPD�
WLRQ�WKDW�WKH�HQVHPEOH�IRUHFDVWV�PLVV��'XH�WR�WKH�VDPSOH
VL]H �LVVXH� �QDPHO\� �WKH �OLPLWHG �VL]H �RI �HQVHPEOH �PHP�
EHUV� �WKH�SUREDELOLW\�PDS�IURP�WKH�HQVHPEOH�IRUHFDVWV�LV
RIWHQ �VPDOOHU �WKDQ �WKDW �IURP �$0&3PI� �7KH �VPDOOHU �GLV�
DVWHU�ZDUQLQJ�PDS�FRXOG�OHDG�WR�PDQ\�PLVVHG�DODUPV�DQG
WKXV �UHVXOW �LQ �D �VHYHUH �GLVDVWHU� �7KHUHIRUH� �WKH �FRPELQD�
WLRQ �RI �$0&3 �DQG �HQVHPEOH �IRUHFDVWV �ZRXOG �EH �EHWWHU
WKDQ �HLWKHU �RQH �DORQH �IRU �SURYLGLQJ �D �SXEOLF �GLVDVWHU
ZDUQLQJ��VHH�)LJ����� 

������&RQFOXGLQJ�UHPDUNV

,Q�WKLV�VWXG\��ZH�ILUVW�PDGH�D�VOLJKW�DGMXVWPHQW�WR�WKH
0RQWH�&DUOR�KXUULFDQH�ZLQG�VSHHG�SUREDELOLW\�PRGHO�E\
DGGLQJ�OLPLWV�WR�WKH�GLUHFWLRQ�DQJOH�DQG�PRWLRQ�GLVWDQFH�
7KHQ� �ZH �LQWURGXFHG �HQVHPEOH �SUREDELOLW\ �UHVXOWV �GH�
ULYHG�IURP�(&0:)��8.02��DQG�1&(3�HQVHPEOH�IRUH�
FDVWV �WR �WKLV �PRGHO �WR �LPSURYH �WKH �SUHGLFWLRQV �EDVHG �RQ
*)6 �PRGHO �IRUHFDVWV� �+XUULFDQHV �,UPD �������� �+DUYH\

��������DQG�6DQG\��������DQG�WKH�PDMRU�KXUULFDQHV�LQ�WKH
�����VHDVRQ�DUH�XVHG�WR�HYDOXDWH�WKH�HIIHFWLYHQHVV�RI�WKH
PRGLILFDWLRQ�
7KH�SUREDELOLW\�PDS�LQGLFDWHV�WKDW�WKH�HQVHPEOH�IRUH�

FDVWV�FDQ�LPSURYH�QRW�RQO\�LQODQG�IRUHFDVWV�EXW�DOVR�IRUH�
FDVWV �RYHU�WKH�RFHDQ� �DQG�WKLV �FRPELQDWLRQ��$0&3PI��LV
EHWWHU�WKDQ�HLWKHU�VLQJOH�PRGHO�UHVXOW��:LWK������UDQGRP
VDPSOHV��WKH�UHDOL]DWLRQV�JHQHUDWH�D�ODUJH�QXPEHU�RI�SRV�
VLEOH�WUDFNV�DQG�FRYHU�ODUJHU�DUHDV��DQG�WKLV�SRRU�IRUHFDVW�
HVSHFLDOO\�LQODQG��FDQ�EH�FRUUHFWHG�E\�WKH�HQVHPEOH�IRUH�
FDVWV��0HDQZKLOH��WKH�$0&3�PRGHO�FDQ�EH�D�JRRG�FRP�
SOHPHQW �WR �WKH �HQVHPEOH �IRUHFDVWV �GXH �WR �WKH �OLPLWHG
VDPSOH�VL]H�RI�WKH�HQVHPEOH�PHPEHUV�
7KH �VLJQLILFDQW �LPSURYHPHQW �LQ �WKH �PD[LPXP �WKUHDW

VFRUH� �DV �ZHOO �DV �WKH�VLJQLILFDQWO\�GHFUHDVHG�FRUUHVSRQG�
LQJ �WKUHDW �SUREDELOLW\� �LPSOLHV �WKDW �WKH �$0&3PI� PRGHO
FDQ �SURYLGH �D �EHWWHU �GHWHUPLQLVWLF �IRUHFDVW �ZLQG �VSHHG
SUREDELOLW\ �PDS�DW ���±���NW� �7KH�VFDWWHU �GLDJUDP�VKRZV
WKDW �$0&3PI� IRU �DOO �FDVHV �LV �FORVH �WR �WKH �³[�  � \´ �OLQH�
ZKLFK �LQGLFDWHV �D �EHWWHU �ZLQG �VSHHG �SUREDELOLW\ �IRUHFDVW
GXULQJ�WKH�����K�IRUHFDVWV�
2YHUDOO �UHVXOWV �IURP �WKLV �VWXG\ �SURYH �WKH �EHQHILWV �RI

FRPELQLQJ�WKH�0&3�PRGHO�ZLWK�HQVHPEOH�IRUHFDVWLQJ�LQ
SRWHQWLDO�DSSOLFDWLRQV�IRU�LPSURYHG�7&�IRUHFDVWV��)RU�GLV�
DVWHU �ZDUQLQJV �WR �WKH �SXEOLF� �WKH �LQFUHDVHG �DFFXUDF\ �RI
$0&3PI� FRXOG �SURYLGH �DFFXUDWH �ZLQG �VSHHG �SUREDELOLW\
IRUHFDVWV� �7KH �LQFUHDVHG �GHWHUPLQLVWLF �IRUHFDVW �DELOLW\
PHDQV �PRUH �LQIRUPDWLRQ �IURP �$0&3PI� FDQ �EH �XVHG �WR
SURYLGH �D �GLVDVWHU �ZDUQLQJ� �7KH �ODUJHU �WKUHDW �VFRUH �DQG
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VPDOOHU �WKUHDW �SUREDELOLW\ �LPSO\�D�ODUJHU �PDS�WR�GHWHUP�
LQH�ZKLFK�SODFHV�7&V�FDQ�RU�FDQQRW�DIIHFW��$OWKRXJK�WKH
HQVHPEOH �LV �RIWHQ �PRUH �DFFXUDWH �WKDQ �$0&3PI� �PLVVHG
DODUPV��QRW�IRUHFDVWHG�EXW�REVHUYHG��DUH�PRUH�GLVDVWURXV
WKDQ �IDOVH �DODUPV ��IRUHFDVWHG �EXW �QRW �REVHUYHG� �IRU �SXE�
OLF �ZDUQLQJV� �'LUHFW �DSSOLFDWLRQ �RI �WKH �HQVHPEOH �IRUH�
FDVWV �ZRXOG �PLVV �VRPH �HDUO\ �ZDUQLQJV �IRU �KLJK �ZLQG�
ZKLFK �ZRXOG �JR �DJDLQVW �WKH �SXUSRVH �RI �WKH �$0&3�
7KHUHIRUH� �WKH �FRPELQDWLRQ �RI �0&3 �DQG �WKH �HQVHPEOH
FRXOG�SURGXFH�EHWWHU�ZLQG�VSHHG�SUREDELOLW\�IRUHFDVWV�
$FNQRZOHGJPHQWV�� $UFKLYHG �KXUULFDQH �GDWD �DQG �HQ�

VHPEOH �IRUHFDVW �GDWD �DUH �REWDLQHG �IURP �WKH �SXEOLF �ZHE�
VLWH�KRVWHG�E\�WKH�8QLYHUVLW\�&RUSRUDWLRQ�IRU�$WPRVSKHULF
5HVHDUFK��8&$5��KWWSV���UGD�XFDU�HGX���DQG�WKH�1DWLRQDO
+XUULFDQH�&HQWHU��KWWSV���IWS�QKF�QRDD�JRY�DWFI�DUFKLYH���

5()(5(1&(6
�

%DUNPHLMHU� �-�� �5� �%XL]]D� �(� �.lOOpQ� �HW �DO�� ������ ����\HDUV �RI �HQ�
VHPEOH�SUHGLFWLRQ�DW�(&0:)��(&0:)�1HZVOHWWHU��1R������
(&0:)��5HDGLQJ����±����GRL�����������O�QWHLGZ��

%DXHU��3���$��7KRUSH��DQG�*��%UXQHW��������7KH�TXLHW�UHYROXWLRQ�RI
QXPHULFDO �ZHDWKHU �SUHGLFWLRQ�� 1DWXUH�� ���� ���±��� �GRL�
��������QDWXUH�������

%XL]]D��5���������7KH�7,**(�*OREDO��0HGLXP�5DQJH�(QVHPEOHV�
(&0:)�7HFKQLFDO�0HPRUDQGXP��1R�������(&0:)��5HDG�
LQJ�����SS��GRL�����������NK\J[�JUN��

'H0DULD� �0�� �-� �$��.QDII� �5� �.QDEE��HW �DO�� �������$�QHZ�PHWKRG
IRU�HVWLPDWLQJ�WURSLFDO�F\FORQH�ZLQG�VSHHG�SUREDELOLWLHV��:HD�
)RUHFDVWLQJ�� ��� �����±����� �GRL�� ������������:$)�����
������

'H0DULD� �0�� �-� �$� �.QDII� �0� �-� �%UHQQDQ� �HW �DO�� ������ �,PSURYH�
PHQWV�WR�WKH�RSHUDWLRQDO�WURSLFDO�F\FORQH�ZLQG�VSHHG�SUREDE�
LOLW\ �PRGHO��:HD� �)RUHFDVWLQJ�� ��� ����±���� �GRL�� ��������
:$)�'�������������

(IURQ��%���DQG�5��-��7LEVKLUDQL��������$Q�,QWURGXFWLRQ�WR�WKH�%RRW�
VWUDS��&5&�3UHVV��%RFD�5DWRQ������SS��

(PDQXHO��.���DQG�)��4��=KDQJ��������2Q�WKH�SUHGLFWDELOLW\�DQG�HU�
URU �VRXUFHV �RI �WURSLFDO �F\FORQH �LQWHQVLW\ �IRUHFDVWV�� -� �$WPRV�
6FL�����������±������GRL����������-$6�'������������

)UDPH��7��+��$���0��+��3��$PEDXP��6��/��*UD\��HW�DO�� �������(Q�
VHPEOH �SUHGLFWLRQ �RI �WUDQVLWLRQV �RI �WKH �1RUWK �$WODQWLF �HGG\�
GULYHQ�MHW��4XDUW��-��5R\��0HWHRU��6RF������������±������GRL�
��������TM������

)URXGH� �/� �6� �5�� ������ �7,**(� �&RPSDULVRQ �RI �WKH �SUHGLFWLRQ �RI
1RUWKHUQ �+HPLVSKHUH �H[WUDWURSLFDO �F\FORQHV �E\ �GLIIHUHQW �HQ�
VHPEOH �SUHGLFWLRQ �V\VWHPV��:HD� �)RUHFDVWLQJ�� ��� ����±����
GRL��������������:$)�����������

)URXGH� �/� �6� �5�� ������ �7,**(� �&RPSDULVRQ �RI �WKH �SUHGLFWLRQ �RI

6RXWKHUQ �+HPLVSKHUH �H[WUDWURSLFDO �F\FORQHV �E\ �GLIIHUHQW �HQ�
VHPEOH �SUHGLFWLRQ �V\VWHPV��:HD� �)RUHFDVWLQJ�� ��� ����±����
GRL��������������:$)����������

�

*RHUVV��-��6���������3UHGLFWLRQ�RI�FRQVHQVXV�WURSLFDO�F\FORQH�WUDFN
IRUHFDVW�HUURU��0RQ��:HD��5HY������������±������GRL����������
0:5�������

�

-DUYLQHQ��%��5���&��-��1HXPDQQ��DQG�0��$��6��'DYLV��������$�7URS�
LFDO �&\FORQH �'DWD �7DSH �IRU �WKH �1RUWK �$WODQWLF �%DVLQ� ������
����� �&RQWHQWV� �/LPLWDWLRQV� �DQG �8VHV� �12$$ �7HFKQLFDO
0HPRUDQGXP �1:6 �1+& ���� �1DWLRQDO �+XUULFDQH �&HQWHU�
0LDPL��)ORULGD�����SS�

�

.DSODQ� �-�� �DQG�0��'H0DULD� �������$�VLPSOH�HPSLULFDO �PRGHO�IRU
SUHGLFWLQJ�WKH �GHFD\�RI �WURSLFDO �F\FORQH�ZLQGV�DIWHU �ODQGIDOO�
-��$SSO��0HWHRU�����������±������GRL�������������������������
���������$6(0)3!����&2���

�

.QDII��-��$���&��5��6DPSVRQ��0��'H0DULD��HW�DO�� �������6WDWLVWLFDO
WURSLFDO �F\FORQH �ZLQG�UDGLL �SUHGLFWLRQ �XVLQJ �FOLPDWRORJ\�DQG
SHUVLVWHQFH�� :HD� �)RUHFDVWLQJ�� ��� ����±���� �GRL�� ��������
:$)�������

�

.QDSS��.��5���0��&��.UXN��'��+��/HYLQVRQ��HW�DO���������7KH�,QWHU�
QDWLRQDO �%HVW �7UDFN �$UFKLYH �IRU �&OLPDWH �6WHZDUGVKLS ��,%�
7U$&6���8QLI\LQJ�WURSLFDO�F\FORQH�GDWD��%XOO��$PHU��0HWHRU�
6RF����������±�����GRL��������������%$06�������
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