
6XUIDFH�RULHQWDWLRQ�GHSHQGHQFH�RI�6L&�R[LGDWLRQ�SURFHVV�VWXGLHG�E\�
LQ�VLWX�VSHFWURVFRSLF�HOOLSVRPHWU\�

'DLVXNH�*RWR�D��6KXKHL�<DJLE��<DVXWR�+LMLNDWDF�DQG�+LUR\XNL�<DJXFKLG��
'LYLVLRQ�RI�0DWKHPDWLFV�(OHFWURQLFV�DQG�,QIRUPDWLRQ�6FLHQFHV��*UDGXDWH�6FKRRO�RI�6FLHQFH�DQG�

(QJLQHHULQJ��6DLWDPD�8QLYHUVLW\�

����6KLPR�2NXER��6DNXUD�NX��6DLWDPD�FLW\��6DLWDPD�����������-DSDQ�
DJRWR#RSW�HHV�VDLWDPD�X�DF�MS��E\DJL#RSW�HHV�VDLWDPD�X�DF�MS��

F\DVXWR#RSW�HHV�VDLWDPD�X�DF�MS��G\DJXFKL#RSW�HHV�VDLWDPD�X�DF�MS�

.H\ZRUGV��R[LGDWLRQ��R[LGH�JURZWK�UDWH��LQ�VLWX��VSHFWURVFRSLF�HOOLSVRPHWU\��6L�&�HPLVVLRQ�PRGHO�
�
$EVWUDFW��:H�SHUIRUPHG�UHDO�WLPH�REVHUYDWLRQV�RI�6L&�R[LGDWLRQ�DW�YDULRXV�WHPSHUDWXUHV�E\�LQ�VLWX�
VSHFWURVFRSLF�HOOLSVRPHWU\�XVLQJ�D�6L�IDFH��DQ�D�IDFH�DQG�D�&�IDFH�VXEVWUDWHV��:H�FDOFXODWHG�R[LGH�
JURZWK�UDWHV�EDVHG�RQ�³6L�&�HPLVVLRQ�PRGHO�´�WDNLQJ�LQWR�DFFRXQW�WKH�HPLVVLRQ�RI�LQWHUIDFLDO�6L�DQG�&�
DWRPV� IURP� WKH� 6L&±6L2�� LQWHUIDFH�� 7KH� FDOFXODWHG� YDOXHV� ZHOO� UHSURGXFHG� WKH� R[LGH� WKLFNQHVV�
GHSHQGHQFH�RI�R[LGH�JURZWK�UDWHV��:H�GLVFXVVHG�WKH�6L&�R[LGDWLRQ�PHFKDQLVP�XVLQJ�WKH�SDUDPHWHUV�
GHGXFHG�IURP�WKH�FDOFXODWLRQV��

,QWURGXFWLRQ�
)RU�SUDFWLFDO�XVH�RI�6L&�026)(7V��LW�LV�DQ�HVVHQWLDO�SUREOHP�WR�UHGXFH�WKHLU�RQ�UHVLVWDQFH��6LQFH�WKH�
LQFUHDVH�RI�RQ�UHVLVWDQFH�LV�FKLHIO\�GXH�WR�WKH�UHGXFWLRQ�RI�FKDQQHO�PRELOLW\�DW�WKH�LQYHUVLRQ�OD\HU��WR�
FRQWURO�WKH�6L&±6L2��LQWHUIDFH�LV�WKH�NH\�WHFKQRORJ\��%HFDXVH�WKH�R[LGDWLRQ�PHFKDQLVP�VKRXOG�EH�
FORVHO\�UHODWHG�WR�WKH�R[LGH�DQG�LQWHUIDFH�TXDOLW\��ZH�KDYH�SHUIRUPHG�UHDO�WLPH�REVHUYDWLRQV�RI�6L&�
WKHUPDO�R[LGDWLRQ�SURFHVV�XVLQJ�DQ�LQ�VLWX�VSHFWURVFRSLF�HOOLSVRPHWHU�>�@��$V�D�UHVXOW��ZH�IRXQG�IRU�
WKH�ILUVW�WLPH�WKDW�R[LGH�JURZWK�UDWH�GHFHOHUDWHV�UDSLGO\�LQ�WKH�LQLWLDO�R[LGDWLRQ�VWDJH��ZKLFK�FDQQRW�EH�
H[SODLQHG� E\� 'HDO�*URYH� PRGHO�>�@�� 7KLV� LQLWLDO� GHFHOHUDWLRQ� KDV� EHHQ� SRLQWHG� RXW� DOVR� LQ� WKH� 6L�
R[LGDWLRQ�DQG�SK\VLFDOO\�H[SODLQHG�E\�³6L�HPLVVLRQ�PRGHO´�>���@��

7R�GHVFULEH� WKH� LQLWLDO�GHFHOHUDWLRQ�SKHQRPHQRQ�RI�6L&�R[LGDWLRQ��ZH�KDYH�SURSRVHG�D�NLQHWLF�
PRGHO�RI�6L&�R[LGDWLRQ��WHUPHG�³6L�&�HPLVVLRQ�PRGHO�>�@�´�$FFRUGLQJ�WR�WKLV�PRGHO��WKH�LQWHUIDFLDO�6L�
DQG�&�DWRP�HPLVVLRQV�LQWR�WKH�R[LGH�DFFRPSDQLHG�E\�WKH�R[LGDWLRQ�RI�6L&�DUH�WDNHQ�LQWR�DFFRXQW���

:H� KDYH� EHHQ� GRLQJ� YDULRXV� GLVFXVVLRQV� RQ� WKH� 6L&� R[LGDWLRQ� PHFKDQLVP� EDVHG� RQ� WKH� 6L�&�
HPLVVLRQ�PRGHO�LQ�SUHYLRXV�ZRUNV�>���@��,Q�RUGHU�WR�IXUWKHU�XQGHUVWDQG�WKH�R[LGDWLRQ�PHFKDQLVP��LW�LV�
HIIHFWLYH� WR� LQYHVWLJDWH� GLIIHUHQFHV� LQ� WKH� VXUIDFH� RULHQWDWLRQV�� 7KXV�� LQ� WKLV� VWXG\�� ZH� SHUIRUPHG�
UHDO�WLPH� REVHUYDWLRQV� RI� WKH� 6L&� R[LGDWLRQ� SURFHVV� XVLQJ� D� ������� 6L�IDFH�� ���±���� D�IDFH� DQG�
����±���&�IDFH�DQG�VXUYH\HG�SDUDPHWHUV�UHODWHG�WR�6L�&�HPLVVLRQ�PRGHO��

&DOFXODWLRQ�PHWKRG�
&RQVLGHU� WKH�6L�DQG�&�HPLVVLRQ�GXULQJ� WKH�R[LGDWLRQ�EDVHG�RQ� WKH�6L�&�HPLVVLRQ�PRGHO� >�@��7KH�
UHDFWLRQ�HTXDWLRQ�IRU�6L&�R[LGDWLRQ�LV�JLYHQ�E\�IROORZLQJ�HTXDWLRQ��

��&2��Ȟ������&2��&Ȟ���6LȞ����6L2Ȟ����䊻�2
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ZKHUH�Ȟ�LV�WKH�HPLVVLRQ�UDWLR��Į�LV�WKH�SURGXFWLRQ�UDWLR�RI�&2��DQG�WKH�VXEVFULSW�PHDQV�WKH�YDOXH�IRU�
FRUUHVSRQGLQJ�DWRP��$FFRUGLQJ�WR�WKH�6L�&�HPLVVLRQ�PRGHO��WKH�LQWHUIDFLDO�UHDFWLRQ�UDWH�LV�ORZHUHG�E\�
DFFXPXODWLRQ� RI� 6L� DQG� &� LQWHUVWLWLDOV� DW� WKH� 6L&±6L2�� LQWHUIDFH� VLQFH� VXFK� DQ� DFFXPXODWLRQ� RI�
LQWHUVWLWLDOV� LQKLELWV� QHZ� HPLVVLRQ� RI� LQWHUVWLWLDO� DQG� OLPLWV� WKH� R[LGDWLRQ� UHDFWLRQ�� 7KHUHIRUH��
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)LJ�� �� � 2[LGH� WKLFNQHVV� GHSHQGHQFH� RI�
R[LGH�JURZWK�UDWH�IRU��D��6L�IDFH���E��&�IDFH�
DQG� �F�� &�IDFH� DW� YDULRXV� WHPSHUDWXUHV��
%URNHQ� FXUYHV� PHDQ� FDOFXODWHG� R[LGH�
JURZWK�UDWH�EDVHG�RQ�6L�&�HPLVVLRQ�PRGHO��

FRQFHQWUDWLRQV�RI�HPLWWHG�LQWHUVWLWLDOV�DW� WKH�LQWHUIDFH�GRPLQDWH�WKH�R[LGH�JURZWK�UDWH� LQ� WKH� LQLWLDO�
R[LGDWLRQ�VWDJH��:H�LQWURGXFHG�WKH�IROORZLQJ�HTXDWLRQ�DV�WKH�LQWHUIDFLDO�UHDFWLRQ�UDWH�N��
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ZKHUH� N�� LV� WKH� LQLWLDO� LQWHUIDFLDO� UHDFWLRQ� UDWH�� &�� LV� WKH� VROXELOLW\� OLPLW� LQ� 6L2��� DQG� &,� LV� WKH�
FRQFHQWUDWLRQ�RI�LQWHUVWLWLDOV�DW�WKH�LQWHUIDFH��)URP�HT�������LQFUHDVH�RI�&,�GXH�WR�6L�DQG�&�HPLVVLRQ�
OHDGV� WR� GHFUHDVH� RI� N�� 7KH� GHWDLOHG� FDOFXODWLRQ� PHWKRG� RI� R[LGH� JURZWK� UDWH� LV� GHVFULEHG�
HOVHZKHUH�>�@��

([SHULPHQWV�
�+�6L&��������6L�IDFH��Q�W\SH�����î�����FP±������RII����+�6L&����±����D�IDFH��Q�W\SH��DQG��+�6L&�
����±���&�IDFH��Q� W\SH�����î�����FP±��������RII�� VXEVWUDWHV�ZHUH�XVHG� LQ� WKLV� VWXG\��6SHFWURVFRSLF�
SRODUL]DWLRQ� SDUDPHWHUV� �Ȍ�� ǻ�� ZHUH� UHFRUGHG� ZLWK� UHDO�WLPH� XVLQJ� DQ� LQ�VLWX� VSHFWURVFRSLF�
HOOLSVRPHWHU�FRQQHFWHG�WR�D�IXUQDFH��'U\�R[LGDWLRQ�ZDV�FDUULHG�RXW�DW�YDULRXV�R[LGDWLRQ�WHPSHUDWXUHV�
DQG�DW�R[\JHQ�SDUWLDO�SUHVVXUH�RI�����DWP��2[LGH� WKLFNQHVVHV�ZHUH� FDOFXODWHG� IURP� �Ȍ��ǻ�� VSHFWUD�
REWDLQHG�� ZKHUH� ZH� XVHG� DQ� DQDO\VLV� PRGHO� WKDW� LV� FRPSRVHG� RI� D� 6L&�LQWHUIDFH� OD\HU�6L&�
VWUXFWXUH�>�@��2[LGH�JURZWK� UDWHV�ZHUH�GHWHUPLQHG� IURP� UHODWLRQVKLSV�EHWZHHQ�R[LGDWLRQ� WLPH�DQG�
R[LGH� WKLFNQHVV�� 3DUDPHWHUV� UHODWHG� WR� JURZWK� UDWH� FDOFXODWLRQV� ZHUH� GHWHUPLQHG� E\� ILWWLQJ� WKH�
FDOFXODWHG�R[LGH�JURZWK�UDWHV�WR�WKH�REVHUYHG�RQHV��

5HVXOWV�DQG�GLVFXVVLRQ�
)LJXUH���VKRZV�WKH�R[LGH�WKLFNQHVV�GHSHQGHQFH�RI�R[LGH�JURZWK�UDWHV�IRU��D��6L�IDFH���E��D�IDFH�DQG��F��
&�IDFH�DW�YDULRXV�WHPSHUDWXUHV��$V�FDQ�EH�VHHQ�IURP�WKHVH�ILJXUHV��WKH�R[LGH�JURZWK�UDWH�GHFHOHUDWHV�
UDSLGO\�LQ�WKH�WKLQ�R[LGH�UHJLRQ�DQG�WKHQ�LW�OHYHOV�RXW��,W�LV�IRXQG�WKDW�WKH�R[LGH�JURZWK�UDWH�IRU�&�IDFH�
LV�IDVWHU�WKDQ�WKDW�IRU�6L�IDFH��DQG�WKDW�IRU�D�IDFH�LV�EHWZHHQ�WKHP�DW�VDPH�WHPSHUDWXUH��7KH�EURNHQ�
FXUYHV�LQ�)LJV����PHDQ�FDOFXODWHG�R[LGH�JURZWK�UDWHV�XVLQJ�WKH�6L�&�HPLVVLRQ�PRGHO��,W�LV�IRXQG�IURP�
WKH�ILJXUHV�WKDW�WKH�FDOFXODWHG�R[LGH�JURZWK�UDWHV�ZHOO�UHSURGXFH�WKH�H[SHULPHQWDO�YDOXHV�LQFOXGLQJ�WKH�
LQLWLDO�GHFHOHUDWLRQ�UHJLRQ��
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)LJ�� �� &DOFXODWHG� R[LGH� WKLFNQHVV�
GHSHQGHQFH� RI� FRQFHQWUDWLRQ� RI� 6L�
LQWHUVWLWLDOV�DW�WKH�6L&±6L2��LQWHUIDFH�
IRU� �D�� 6L�IDFH�� �E�� D�IDFH� DQG� �F��
&�IDFH��

)LJXUH� �� VKRZV� WKH� WHPSHUDWXUH� GHSHQGHQFH� RI� LQLWLDO� LQWHUIDFLDO� UHDFWLRQ� UDWH� N��� 7KH� UDWLR� RI�
DFWLYDWLRQ�HQHUJ\�IRU�&�IDFH��D�IDFH�DQG�6L�IDFH�LV�IRXQG�WR�EH�QHDUO\�HTXDO�WR��������:KHQ�6L�DWRPV�LQ�
6L&� VXEVWUDWH� DUH� R[LGL]HG�� LW� LV� QHFHVVDU\� WR� EUHDN� RQH� 6L±&� EDFN�ERQG� LQ� &�IDFH�� WZR� 6L±&�
EDFN�ERQGV�LQ�D�IDFH�DQG�WKUHH�6L±&�EDFN�ERQGV�LQ�6L�IDFH��7KHUHIRUH��N��PLJKW�UHODWH�WR�WKH�VXUIDFH�
VWUXFWXUH�RI�6L&�VXEVWUDWH��+RZHYHU��WKRXJK�DEVROXWH�YDOXHV�RI�N��IRU�6L�IDFH�DUH�FRQVLGHUHG�WR�EH�WKH�
VPDOOHVW� RI� WKUHH�� H[SHULPHQWDO� YDOXHV� DUH� ODUJH�� 7KLV� LV� IRU� IXUWKHU� VWXG\�� )LJXUH� �� VKRZV� WKH�
WHPSHUDWXUH�GHSHQGHQFH�RI�6L�DQG�&�HPLVVLRQ�UDWLR��Ȟ6L�DQG�Ȟ&��UHVSHFWLYHO\���,W�LV�IRXQG�WKDW�Ȟ6L�LQ�WKH�
FDVH�RI�6L�IDFH�WKDW�KDV�WKH�ORZHVW�JURZWK�UDWH�LV�WKH�KLJKHVW�RI�WKH�WKUHH�IDFHV�DQG�WKH�FDVH�RI�&�IDFH�LV�
WKH�UHYHUVH�VLWXDWLRQ��2Q�WKH�RWKHU�KDQG��Ȟ&�KDUGO\�GHSHQGV�RQ�VXUIDFH�RULHQWDWLRQ��1DPHO\��RQO\�Ȟ6L�
GHSHQGV�RQ�VXUIDFH�RULHQWDWLRQ�DQG�FKLHIO\�GHWHUPLQHV�WKH�R[LGH�JURZWK�UDWH���
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)LJXUH���VKRZV�WKH�FDOFXODWHG�R[LGH�WKLFNQHVV�GHSHQGHQFH�RI�FRQFHQWUDWLRQ�RI�6L�LQWHUVWLWLDOV�DW�WKH�
6L&±6L2��LQWHUIDFH�&,

6L�IRU��D��6L�IDFH���E��D�IDFH�DQG��F��&�IDFH��)URP�WKLV�ILJXUH��LW�LV�IRXQG�WKDW�RQO\�
&,

6L�IRU�&�IDFH�UHGXFHV�DIWHU�R[LGH�JURZWK�RI�DERXW�����QP��7KLV�LV�EHFDXVH�WKH�R[LGH�JURZWK�UDWH�
GHFHOHUDWHV�GXH�WR�WKH�GLIIXVLRQ�UDWH�OLPLWLQJ�VWHS�DQG�DV�D�UHVXOW�WKH�HPLVVLRQ�UDWH�RI�6L�LQWHUVWLWLDOV�
GHFUHDVHV��

)LJ�� �� � 7HPSHUDWXUH� GHSHQGHQFH� RI�
LQLWLDO�LQWHUIDFLDO�UHDFWLRQ�UDWH�N��

)LJ�����7HPSHUDWXUH�GHSHQGHQFH�RI�
HPLVVLRQ�UDWLR�Ȟ6L�DQG�Ȟ&�
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)LJ�� �� &DOFXODWHG� R[LGH� WKLFNQHVV�
GHSHQGHQFH� RI� FRQFHQWUDWLRQ� RI� &�
LQWHUVWLWLDOV�DW�WKH�6L&±6L2��LQWHUIDFH�
IRU� �D�� 6L�IDFH�� �E�� D�IDFH� DQG� �F��
&�IDFH��

�
)LJXUH���VKRZV�WKH�FDOFXODWHG�R[LGH�WKLFNQHVV�GHSHQGHQFH�RI�FRQFHQWUDWLRQ�RI�&�LQWHUVWLWLDOV�DW�WKH�

6L&±6L2��LQWHUIDFH�&,
&�IRU��D��6L�IDFH���E��D�IDFH�DQG��F��&�IDFH��$V�FOHDUO\�VHHQ�LQ�WKH�ILJXUH�� WKH�

YDULDWLRQ�RI�&,
&�H[KLELWV�D�SHDN�DURXQG�VHYHUDO�WHQV�QP��7KLV�SHDN�FDQ�EH�H[SODLQHG�DV�IROORZV��VLQFH�

WKH� DFFXPXODWLRQ� RI� &� LQWHUVWLWLDOV� LV� HDUOLHU� WKDQ� WKDW� RI� 6L� LQWHUVWLWLDOV�� DIWHU� WKH� VDWXUDWLRQ� RI� &�
LQWHUVWLWLDOV��6L�LQWHUVWLWLDOV�VWLOO�UHPDLQ�LQFUHDVLQJ��$V�D�UHVXOW��WKH�HPLVVLRQ�UDWH�RI�&�LQWHUVWLWLDOV�VWDUWV�
WR�GHFUHDVH�EHFDXVH�WKH�R[LGDWLRQ�UDWH�GHFUHDVHV��

6XPPDU\�
:H�SHUIRUPHG�UHDO�WLPH�REVHUYDWLRQV�RI�6L&�R[LGDWLRQ�RI�YDULRXV�VXUIDFH�RULHQWDWLRQV�XVLQJ�DQ�LQ�VLWX�
VSHFWURVFRSLF�HOOLSVRPHWHU� WR�XQGHUVWDQG�WKH�R[LGDWLRQ�PHFKDQLVP�RI�6L&��:H�VXUYH\HG�R[LGDWLRQ�
SDUDPHWHUV�EDVHG�RQ�6L�&�HPLVVLRQ�PRGHO�E\�ILWWLQJ�FDOFXODWHG�JURZWK�UDWH�WR�H[SHULPHQWDO�YDOXHV�
REWDLQHG�� $V� D� UHVXOW�� ZH� IRXQG� WKDW� WKH� LQLWLDO� LQWHUIDFLDO� UHDFWLRQ� UDWH� N�� GHSHQGV� RQ� VXUIDFH�
RULHQWDWLRQ�DQG�WKDW�WKH�UDWLR�RI�DFWLYDWLRQ�HQHUJ\�RI�N��FRUUHVSRQGV�WR�WKH�QXPEHU�RI�EDFN�ERQG�RI�6L�
DWRP� LQ�6L&�VXEVWUDWH��:H�SHUIRUPHG� WKH� VLPXODWLRQV�RI�R[LGH� WKLFNQHVV�GHSHQGHQFH�RI�6L� DQG�&�
LQWHUVWLWLDO�FRQFHQWUDWLRQ�DW�WKH�6L&±6L2��LQWHUIDFH��,W�ZDV�IRXQG�WKDW��LQ�FRQWUDVW�WR�&,

6L��&,
&�VWDUWV�WR�

GHFUHDVH� DIWHU� R[LGH� JURZWK� PRUH� WKDQ� VHYHUDO� WHQV� QP�� ,W� FDQ� EH� VDLG� WKDW� WKLV� WLPH� LPSRUWDQW�
LQIRUPDWLRQ�WR�FRQWURO�WKH�SK\VLFDO�SURSHUWLHV�RI�WKH�LQWHUIDFH�ZDV�DFTXLUHG��
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