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DWHG�ZLWK�����������URHQWJHQ�GRVHV�DQG�SUHOLPLQDULO\�VWUDLQHG�DW�H� �������DUH�LQYHVWLJDWHG
DW� URRP� WHPSHUDWXUH� LQ� ����� �� ���� 0+]� IUHTXHQF\� UDQJH�� ,W� LV� IRXQG� WKDW� WKH� ULVH� RI
;�UD\� LUUDGLDWLRQ� GRVHV� LV� DFFRPSDQLHG�ZLWK� FOHDUO\� REVHUYHG� � HIIHFW� RI� GLVORFDWLRQ� UHVR�
QDQFH�TXHQFKLQJ�ZKLFK�PDQLIHVWV�LWVHOI�LQ��PRQRWRQRXV�VKLIW�RI�WKH�GLVORFDWLRQ�UHVRQDQFH
PD[LPXP� WRZDUGV� KLJKHU� IUHTXHQFLHV� DQG� ORZHU� DPSOLWXGHV�� 7KH� GHSHQGHQFHV� RI� WKH
FRHIILFLHQW� RI� G\QDPLF� YLVFRVLW\� %� DQG� WKH� DYHUDJH� HIIHFWLYH� OHQJWK� RI� WKH� GLVORFDWLRQ
VHJPHQW�/�RQ�WKH�LUUDGLDWLRQ�WLPH�UDQJLQJ�IURP���WR����PLQ�DUH�HVWDEOLVKHG�DQG�DQDO\]HG�
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����,QWURGXFWLRQ
,W� LV� NQRZQ� WKDW� UDGLDWLRQ� GDPDJH� LQ

LRQLF� FU\VWDOV� OHDGV� WR� FKDQJHV� LQ�PHFKDQL�
FDO� >�Ü�@�� HOHFWULFDO� >�@� DQG� RSWLFDO� >����@
SURSHUWLHV�� 7KH� HIILFLHQW� PHWKRG� >�@� ZKLFK
DOORZV� WR� VHSDUDWH� LQSXWV� WR� WKH� UHVWULFWLRQ
RI� GLVORFDWLRQ� PRELOLW\� RI� YDULRXV� W\SHV� RI
VWRSSHUV� LV� EDVHG� RQ� WKH� XVDJH� RI� WKH� LUUD�
GLDWLRQ�HIIHFW�RQ�WKH�GLVORFDWLRQV�PRELOLW\�LQ
D�PDJQHWLF�ILHOG��7R�VWXG\�WKH�UDGLDWLRQ�LQ�
GXFHG� GHIHFWV� RI� WKHVH� FU\VWDOV�� KLJK� GRVHV
RI� UDGLDWLRQ�KDYH�EHHQ�XVHG��+RZHYHU�� FRQ�
VLGHULQJ� WKDW� WKH� EHJLQQLQJ� RI� WKH� TXDOLWD�
WLYH� FKDQJHV� LV� IRUPHG� LQ� WKH� YHU\� HDUO\
VWDJHV� RI� H[SRVXUH�� WKH� LQIRUPDWLRQ� RQ
FKDQJHV� EHJLQQLQJ� DQG� WKHLU� G\QDPLFV� LV
YHU\�LPSRUWDQW�LQ�ERWK�DSSOLHG�DQG�WKHRUHWL�

FDO� DVSHFWV�� ,Q� SDUWLFXODU�� WKLV� LQIRUPDWLRQ
PD\�EH�XVHIXO� IRU� WKH�VROXWLRQ�RI� WKH�HQJL�
QHHULQJ� SUREOHPV� DVVRFLDWHG�ZLWK� WKH�XVDJH
RI�LRQLF�FU\VWDOV�LQ�DFRXVWR�RSWLFV��DV�ZHOO�DV
WKH� WKHRUHWLFDO� HVWLPDWLRQ� RI� WKH� UDGLDWLRQ
H[SRVXUH�HIIHFWV� >�@��7R�VWXG\� WKH�HIIHFW�RI
ORZ� GRVH� LUUDGLDWLRQ� RQ� WKH� GLVORFDWLRQ�PR�
ELOLW\��WKH�PHWKRG�RI�DPSOLWXGH�LQGHSHQGHQW
LQWHUQDO�IULFWLRQ��ZKLFK�KDV�D�KLJK�VHQVLWLY�
LW\� WR� ZHDN� VWRSSHU� KDV� EHHQ� XVHG�� (DUOLHU
PHQWLRQHG� PHWKRG� KDV� EHHQ� XVHG� LQ� WKH
VWXG\� GLVSHUVLRQ� RI� KLJK�IUHTXHQF\� XOWUD�
VRXQG�LQ�1D&O�>�@�

7KH�DLP�RI�WKLV�SDSHU�LV�D�GHWDLOHG�VWXG\
RI�WKH�ZHDN�;�UD\� LUUDGLDWLRQ�HIIHFW�RQ�WKH
SDUDPHWHUV�RI�GDPSHG�GLVORFDWLRQ�UHVRQDQFH
DQG� RQ� WKH� DEVROXWH� YDOXH� RI� WKH� YLVFRVLW\
FRHIILFLHQW�LQ�D�VLQJOH�FU\VWDO�/L)�
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���([SHULPHQWDO�
7KH�IUHTXHQF\�GHSHQGHQFH�RI�WKH�GLVORFD�

WLRQ�ORVVHV�RI�XOWUDVRXQG�LQ�WKH�DFRXVWLF�/L)
FU\VWDOV�ZLWK�D�UHVLGXDO�GHIRUPDWLRQ������
�LQ�WKH�XQLUUDGLDWHG�DQG�WKHQ� LQ�WKH� LUUDGL�
DWHG� � VWDWHV�� LQ� WKH� IUHTXHQF\� UDQJH� ����Ü
������0+]�DQG�WHPSHUDWXUH�7� �����.�KDV
EHHQ�LQYHVWLJDWHG��7KH�/L)�FU\VWDOV�RI�SXULW\
��Ü�� ZW��� DQG� WKH� GLPHQVLRQV� RI
��u��u���PP��� REWDLQHG�E\�WKH�SXQFWXULQJ
DORQJ�WKH�VOLS�SODQHV�����!�KDYH�EHHQ�XVHG
IRU�WKH�H[SHULPHQWV��/DWHU��WKH�FOHDYHG�VDP�
SOHV� ZHUH� ILQH� SROLVKHG� DQG� UHFHLYHG� WKH
VXEVHTXHQW� RSWLFDO� SROLVKLQJ�� VR� WKDW� QRQ�
SDUDOOHOLVP�RI� WKH�ZRUNLQJ� HQG�RI� WKH� VDP�
SOH�ZDV�DSSUR[LPDWHO\�r��PP�VP��7R�LQVHUW
LQWR� WKH� FU\VWDO� �IUHVK�� GLVORFDWLRQV�� DQG
WKXV�DYRLG�WKH�DSSHDUDQFH�RI�VOLS�EDQGV��DF�
FRUGLQJ� WR� >�@�� D� VDPSOH� � KDV� EHHQ� SUH�GH�
IRUPHG�E\�WKH�FRPSUHVVLRQ�DORQJ�����!�GL�
UHFWLRQ� RQ� WKH� WHVWLQJ� PDFKLQH� W\SH� �,Q�
VWURQ��� WKH� VWUDLQ� UDWH� RI� ��Ü��VÜ��� 8QGHU
VXFK� ORDGLQJ�FRQGLWLRQV��WKH�FU\VWDO�VXUIDFH
LV� XQLIRUPO\� FRYHUHG� ZLWK� WKH� ILJXUHV� RI
HWFKLQJ��ZKLFK�IDFLOLWDWHV�WKHLU�FDOFXODWLRQ��

7KH�PHDVXUHPHQW�RI� WKH� ORQJLWXGLQDO�XO�
WUDVRXQG�DEVRUSWLRQ� KDV� EHHQ� SHUIRUPHG� E\
WKH� DSSOLFDWLRQ� RI� WKH� FDOLEUDWHG� H[SRQHQ�
WLDO�� 7KH� XOWUDVRQLF� ZDYH� KDV� EHHQ� SDVVHG
DORQJ�WKH�ORQJ�D[LV�RI�WKH�FU\VWDO�LQ�D�GLUHF�
WLRQ� LQ� ZKLFK� LWV� SUHOLPLQDU\� GHIRUPDWLRQ
KDV�EHHQ�FDUULHG�RXW��

7KH� LUUDGLDWLRQ� RI� WKH� FU\VWDOV� /L)� KDV
EHHQ� SHUIRUPHG� RQ� DQ� DJJUHJDWH� 856���
�&X�� ��� N9�� ��� P$��� 7KH� LUUDGLDWLRQ� GRVH
UDWH��GHWHUPLQHG�ZLWK�D�GRVLPHWHU�.,'���DW
WKH�ORFDWLRQ�RI�WKH�FU\VWDOV�XQGHU�FRQVLGHUD�
WLRQ� ZDV� ����� URHQWJHQ�VHF�� ,Q� RUGHU� WR
DYRLG� LUUHJXODULWLHV� FDXVHG�E\� WKH�DFWLRQ�RI
LQWHUQDO� VWUHVVHV�� HDFK� RI� WKH� �� VLGH� IDFHV
SDUDOOHO� WR� WKH� ORQJ� D[LV� RI� WKH� FU\VWDO� KDV
EHHQ� LUUDGLDWHG� IRU� ��� PLQ�� ZKLFK� FRUUH�
VSRQGHG�WR�D�WRWDO�GRVH�RI�����URHQWJHQ��

����5HVXOWV�DQG�GLVFXVVLRQ�
)LJXUH� �� VKRZV� WKH� UHVXOWV� RI� WKH� IUH�

TXHQF\�GHSHQGHQFH�VWXG\�RI�GLVORFDWLRQ�GHF�
UHPHQW� IRU� WKH� VDPSOHV� ZLWK� /L)� UHVLGXDO
GHIRUPDWLRQ� H� �������EHIRUH� WKH�;�UD\� LU�
UDGLDWLRQ��FXUYH����DQG�DIWHU�LW��FXUYHV��Ü���

,W� LV� VHHQ�� WKDW� WKH� IRUP� RI� IUHTXHQF\
FXUYHV� 'G�I�� IRU� WKH� GLVORFDWLRQ� GHFUHPHQWKDV�WKH�FKDUDFWHU�RI�GDPSHG�UHVRQDQFH��7KH
REWDLQHG� H[SHULPHQWDO� SRLQWV� IDOO� RQ� WKH
WKHRUHWLFDO�IUHTXHQF\�SURILOH��FDOFXODWHG�IRU
WKH�FDVH�RI�H[SRQHQWLDO�GLVWULEXWLRQ�RI�GLVOR�
FDWLRQ�ORRSV�DORQJ�LWV�OHQJWK��:KHQ�FRPSDU�
LQJ�WKH�PHDVXUHG�FXUYHV�'G�I��ZLWK�WKH�WKHR�

UHWLFDO�SURILOH��WKH�ELQGLQJ�RI�WKH�ODWWHU�ZDV
FDUULHG�RXW�SULPDULO\�ZLWK�D�IRFXV�RQ�WKRVH
GDWD� SRLQWV� WKDW� OD\� RQ� WKH� GHVFHQGLQJ
EUDQFK� RI� WKH� H[SHULPHQWDO� FXUYH� LQ� WKH
UHVRQDQFH� DUHD�� $V� LQ� >�Ü�@�� ZH� KDYH� XVHG
WKH�HTXDWLRQV�GHVFULELQJ�WKH�SRVLWLRQ�RI�WKH
UHVRQDQFH�SHDN�DQG�LWV�GHVFHQGLQJ�EUDQFK��
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ZKHUH�'f�Û�WKH�YDOXH�RI�WKH�GHFUHPHQW�IRU
IUHTXHQFLHV�I�!�IP��:�Û�WKH�RULHQWDWLRQ�IDF�
WRU� ZKLFK� WDNHV� LQWR� DFFRXQW� WKDW� WKH� UH�
GXFHG� VKHDU� VWUHVV� LQ� WKH� VOLS�SODQH� LV� OHVV
WKDQ� WKH� DSSOLHG� VWUHVV�� /� Û� DQ� DYHUDJH
HIIHFWLYH� OHQJWK� RI� GLVORFDWLRQ� VHJPHQW�
'�� ���*E����S�&���&�Û� WKH� HIIHFWLYH� VWUHVV
RI� WKH� EHQW� GLVORFDWLRQ� �&� ���*E��S��ÜQ���
/�Û�WKH�GHQVLW\�RI�GLVORFDWLRQV��Q�Û�3DXV�
VRQ�V�UDWLR��*�Û�VKHDU�PRGXOXV�RI�WKH�FXU�
UHQW�VOLS�V\VWHP��E�Û�%XUJHUV�YHFWRU�YDOXH�
7KH� HTXDWLRQ� ���� VKRZV� WKDW� WKH� OLPLWLQJ
YDOXH� RI� WKH� GHFUHPHQW�'f� LV�PDLQO\� GHWHU�
PLQHG� E\� WKH� SDUDPHWHUV�:��/��%� DQG�GRHV
QRW�GHSHQG�RQ�WKH� OHQJWK�RI�WKH�GLVORFDWLRQ
VHJPHQW�/� DQG� WKH�QDWXUH� RI� WKH� ORRSV�GLV�
WULEXWLRQ� DORQJ� LWV� OHQJWK�� L�H��� PHDVXULQJ

)LJ����� )UHTXHQF\� GHSHQGHQFH� RI� WKH� GLVORFD�
WLRQ�GHFUHPHQW�IRU�/L)�VDPSOHV�ZLWK�WKH�YDOXH
RI� GHIRUPDWLRQ� H� ������� DW� URRP� WHPSHUD�
WXUH� ZLWK� WKH� GLIIHUHQW� LUUDGLDWLRQ� WLPH� W�
�� Û� XQLUUDGLDWHG�� �� Û� ��� PLQ��� �� Û
���PLQ����� Û� ��� PLQ��� �� Û� ��� PLQ�� 6ROLG
OLQHV���� �����������Û� WKHRUHWLFDO� FXUYHV� DQG
KLJK�IUHTXHQF\�DV\PSWRWHV�
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WKH� UHVRQDQFH� FXUYHV� 'G�I�� DQG� XVLQJ� UHOD�WLRQ������ZH�FDQ�HDVLO\�GHWHUPLQH�WKH�GDPS�
LQJ� FRQVWDQW�%�� SUHYLRXVO\� GHWHUPLQLQJ� WKH
DPRXQW� RI� KLJK�IUHTXHQF\� DV\PSWRWH� YDOXH
'f�DQG�WKH�GLVORFDWLRQ�GHQVLW\�E\�WKH�VHOHF�WLYH� HWFKLQJ��7R� ILQG� WKH� FRHIILFLHQW� RI� WKH
YLVFRVLW\�%� WKH� IROORZLQJ� YDOXHV� KDYH� EHHQ
XVHG� LQ� WKLV� VWXG\� *���� ������������3D�
:�  ������� >�@�� E� ��������Ü���P��FDOFXODWHG
E\� WKH� IRUPXOD� E� �D��CC�� >��@�� ZKHUH� D� 
��������Ü��� P� >��@�� /� �����������PÜ�� RE�
WDLQHG� LQ� WKLV� VWXG\� E\� FRXQWLQJ� WKH� HWFK
SLWV��7KH�GLVORFDWLRQ�GHQVLW\�/�LQ�/L)�EHIRUH
DQG� DIWHU� WKH� H[SRVXUH� WR� ;�UD\� EHDPV� RI
;�UD\� GRVH� RI� ���� URHQWJHQ� UHPDLQV� XQ�
FKDQJHG��

7KH� UHVXOWV� RI� WKH� FDOFXODWLRQV� E\� WKH
IRUPXOD� ���� RI� WKH� DEVROXWH� YDOXH� %� KDYH
EHHQ�VKRZQ�LQ�FXUYH���LQ�)LJ�����7KH�FRHIIL�
FLHQW� RI� YLVFRVLW\� EHIRUH� DQG� DIWHU� LUUDGLD�
WLRQ� DW� D� FRQVWDQW� WHPSHUDWXUH� DQG� GHQVLW\
RI�GLVORFDWLRQV�LV�YLUWXDOO\�LGHQWLFDO��7KH�DY�
HUDJH� YDOXH� RI� WKH� SDUDPHWHU� %�� REWDLQHG
DFFRUGLQJ� WR� )LJXUH� �� LV� �������Ü��3D�V�� 7R
HOXFLGDWH� WKH� PHFKDQLVP� FRQWUROOLQJ� WKH
VKLIW�RI�WKH�GLVORFDWLRQ�UHVRQDQFH�RQ�KHLJKW
DQG� IUHTXHQF\� LQ� WKH�SUHVHQW�ZRUN�� WKH� EH�
KDYLRU�RI�WKH�GLVORFDWLRQ�RI�WKH�SDUDPHWHU�/
LQ�/L)� FU\VWDOV�XQGHU� WKH� LQIOXHQFH� RI� YDUL�
RXV� GRVHV� RI� LUUDGLDWLRQ� KDV� EHHQ� LQYHVWL�
JDWHG��/�YDOXHV�KDYH�EHHQ�FDOFXODWHG�E\�WKH
IRUPXOD������ZLWK�WKH�VXEVWLWXWLRQ�RI�YDOXHV

IRU� 3DXVVRQ�V� FRHIILFLHQW� Q� ������� REWDLQHG
IURP�WKH�UHODWLRQ�Q� �&���&�����&��� >��@�DQG
YDOXH� &� ��������� 1�� FDOFXODWHG� WDNLQJ� LQWR
DFFRXQW�WKH�YDOXH�*E�� ��������Ü���3D�P���,Q
DGGLWLRQ�� WKH� GDWD� IRU� WKH� UHVRQDQFH� IUH�
TXHQF\� IP� DQG� WKH� GDPSLQJ� FRQVWDQW� %�JLYHQ� LQ� )LJ���� DQG� ��� KDYH� EHHQ� XVHG� UH�
VSHFWLYHO\��$V�D�UHVXOW�RI�WKH�JHQHUDWHG�FDO�
FXODWLRQV��WKH�GHSHQGHQFH�RI�WKH�GLVORFDWLRQ
VHJPHQW�OHQJWK�/�IURP�WKH�LUUDGLDWLRQ�WLPH
KDV� EHHQ� VSHFLILHG�� ZKLFK� LV� UHSUHVHQWHG
ZLWK� WKH� FXUYH� �� LQ� )LJ����� ,W� LV� VHHQ� WKDW
ZLWK� WKH� LQFUHDVLQJ� GRVHV� RI� WKH� LUUDGLDWLRQ
WKH� OHQJWK� RI� WKH� GLVORFDWLRQ� VHJPHQW� /� GH�
FUHDVHV� PRQRWRQLFDOO\� IURP� WKH� LQLWLDO� YDOXH
RI� �������Ü��P� �IRU� WKH�XQLUUDGLDWHG�FU\VWDO�
WR�D�YDOXH�RI��������Ü��P��REWDLQHG�DIWHU�WKH
;�UDGLDWLRQ�IRU���K��

7KH� DQDO\VLV� RI� HTXDWLRQV� ���� DQG� ���
VKRZV� WKDW� WKH� UHGXFWLRQ� RI� WKH� OHQJWK� RI
WKH� DUF� /� KDV� WR� UHVXOW� LQ� D� VKLIW� RI� WKH
UHVRQDQFH� SHDN� WR� KLJKHU� IUHTXHQFLHV� DQG
GHFUHDVH� LWV� DPSOLWXGH�� DV� LW� LV� REVHUYHG� LQ
)LJ����� 0RUHRYHU�� D� KLJK� IUHTXHQF\� DV\PS�
WRWH�RI�WKH�PD[LPXP�LQ�DFFRUGDQFH�ZLWK����
VKRXOG�EH�WKH�VDPH�IRU�DOO�VWDJHV�RI�LUUDGLD�
WLRQ��7KLV�LV�GXH�WR�WKH�IDFW�WKDW�LQ�HTXDWLRQ
���� WKH� YDOXH� 'f� GRHV� QRW� GHSHQG� RQ� WKHOHQJWK�RI�WKH�GLVORFDWLRQ�ORRS�/��EXW�RQ�WKH
GLVORFDWLRQ� GHQVLW\� /�� ZKLFK� GRHV� QRW
FKDQJH�DW�VXFK�GRVHV��7KH�H[SHULPHQWDO�GDWD
SUHVHQWHG� LQ� )LJ���� FOHDUO\� FRQILUP� WKHVH
WKHRUHWLFDO�SUHGLFWLRQV��

)LJ�����'HSHQGHQFH�RI�WKH�LUUDGLDWLRQ�WLPH�W�RI
WKH� DYHUDJH� HIIHFWLYH� OHQJWK� � GLVORFDWLRQ� VHJ�
PHQW�/�����DQG�GDPSLQJ�FRQVWDQWV�%�����IRU�WKH
/L)� FU\VWDOV� ZLWK� WKH� PDJQLWXGH� RI� SUHYLRXV
GHIRUPDWLRQ�H� �������DW�URRP�WHPSHUDWXUH�

)LJ����� 'HSHQGHQFH� RI� WKH� LUUDGLDWLRQ� WLPH� W
YDOXHV� RI� WKH� GLVORFDWLRQ� GHFUHPHQW� DW� WKH
PD[LPXP�'P� ���� DQG� WKH� UHVRQDQFH� IUHTXHQF\IP� ���� IRU�WKH�/L)�FU\VWDOV�ZLWK�WKH�PDJQLWXGH
RI�GHIRUPDWLRQ�H� �������DW�URRP�WHPSHUDWXUH�
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���&RQFOXVLRQV
,W�KDV�EHHQ�GLVFRYHUHG�WKDW�DIWHU�WKH�H[�

SRVXUH� WR� GRVHV� RI� ;�UD\� LUUDGLDWLRQ� HTXDO
WR� DERXW� ���� URHQWJHQ� LQ� /L)� FU\VWDOV� WKH
OHYHO�RI�WKH�UHVRQDQW�DEVRUSWLRQ�RI�XOWUDVRXQG
LV�VLJQLILFDQWO\�UHGXFHG��DQG�DOVR�LWV�IUHTXHQF\
ORFDOL]DWLRQ�LV�FKDQJHG��:LWK�WKH�IXUWKHU�LUUD�
GLDWLRQ�� WKH� EHKDYLRU� RI� GLVORFDWLRQ� UHVRQDQFH
UHPDLQV�WKH�VDPH��5HVRQDQFH�FXUYHV�'G�I���GH�FUHDVLQJ� LQ�DPSOLWXGH��PRQRWRQLFDOO\�VKLIW�WR�
ZDUGV�WKH�KLJK�IUHTXHQF\�DUHDV�

,W� KDV� EHHQ� VKRZQ� WKDW� DIWHU� WKH� H[SR�
VXUH� WR� ;�UD\� LUUDGLDWLRQ� WKH� TXDQWLW\� RI
WKH� GLVORFDWLRQ� GHFUHPHQW� 'P� DW� WKH� PD[L�PXP� GHFUHDVHV� VKDUSO\�� DQG� LWV� UHVRQDQW
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