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Abstract:� 7KLV� VWXG\� HYDOXDWHV� KLJK�ULVN� G\QDPLF� ]RQHV� LQ�
QRUWKHDVWHUQ�.HUPDQ��IRFXVLQJ�RQ�WKH�HIIHFWV�RI�NLQHPDWLF�EULWWOH�
GHIRUPDWLRQ�DQG�WKHLU�FRUUHODWLRQ�ZLWK�UHFRUGHG�HDUWKTXDNHV��7KH�
UHJLRQ� LV� WHFWRQLFDOO\� DFWLYH�� LQIOXHQFHG� E\�PDMRU� IDXOW� V\VWHPV�
WKDW� FRQWULEXWH� WR� VHLVPLF� KD]DUGV� DQG� VXUIDFH� GHIRUPDWLRQ��
,GHQWLI\LQJ�WKHVH�KD]DUGRXV�]RQHV�LV�FUXFLDO� IRU�ULVN�DVVHVVPHQW��
LQIUDVWUXFWXUH� GHYHORSPHQW�� DQG� GLVDVWHU� PDQDJHPHQW�� 7KH�
UHVHDUFK LQWHJUDWHV JHRORJLFDO VXUYH\V� UHPRWH VHQVLQJ�
WHFKQLTXHV�� DQG� VHLVPLF� GDWD� DQDO\VLV� WR� DVVHVV� IDXOW� G\QDPLFV��
OLWKRORJLFDO FKDUDFWHULVWLFV� DQG KLVWRULFDO HDUWKTXDNH�
RFFXUUHQFHV�� +LJK�UHVROXWLRQ� 'LJLWDO� (OHYDWLRQ�0RGHOV� �'(0V��
DQG VDWHOOLWH LPDJHU\ DUH HPSOR\HG WR PDS VWUXFWXUDO�
GLVFRQWLQXLWLHV� DQG� GHIRUPDWLRQ� SDWWHUQV�� $GGLWLRQDOO\�� VHLVPLF�
UHFRUGV� DQG� IDXOW� DFWLYLW\� GDWD� DUH� DQDO\]HG� WR� GHWHUPLQH� WKH�
UHODWLRQVKLS� EHWZHHQ� EULWWOH� GHIRUPDWLRQ� ]RQHV� DQG� HDUWKTXDNH�
GLVWULEXWLRQ�� )LQGLQJV� LQGLFDWH� WKDW� DUHDV� ZLWK� LQWHQVH� EULWWOH�
GHIRUPDWLRQ� DOLJQ� ZLWK� DFWLYH� IDXOW� ]RQHV�� PDNLQJ� WKHP� KLJKO\�
VXVFHSWLEOH WR VHLVPLF KD]DUGV� 7KH VWXG\ UHYHDOV WKDW�
QRUWKHDVWHUQ� .HUPDQ� H[SHULHQFHV� IUHTXHQW� PRGHUDWH�WR�VWURQJ�
HDUWKTXDNHV��ZLWK�VLJQLILFDQW�GHIRUPDWLRQ�RFFXUULQJ�DORQJ�PDMRU�
WKUXVW� DQG� VWULNH�VOLS� IDXOWV�� 7KHVH� GHIRUPDWLRQV� LQFUHDVH� WKH�
OLNHOLKRRG�RI� IXWXUH� VHLVPLF�DFWLYLW\�DQG� JURXQG� LQVWDELOLW\��7KH�
UHVXOWV� SURYLGH� YDOXDEOH� LQVLJKWV� IRU� XUEDQ� SODQQHUV�� HQJLQHHUV��
DQG SROLF\PDNHUV WR HQKDQFH VHLVPLF KD]DUG PLWLJDWLRQ�
VWUDWHJLHV�� %\� LGHQWLI\LQJ� KLJK�ULVN� ]RQHV�� WKH� VWXG\� FRQWULEXWHV�
WR� LQIRUPHG� GHFLVLRQ�PDNLQJ� IRU� LQIUDVWUXFWXUH� SODQQLQJ�� ODQG��
XVH� PDQDJHPHQW�� DQG� GLVDVWHU� SUHSDUHGQHVV�� )XWXUH� UHVHDUFK�
VKRXOG� IRFXV� RQ� LQWHJUDWLQJ� PDFKLQH� OHDUQLQJ� PRGHOV� ZLWK�
JHRSK\VLFDO�GDWD�WR�LPSURYH�HDUWKTXDNH�SUHGLFWLRQ�DFFXUDF\�DQG�
KD]DUG�DVVHVVPHQWV�LQ�WHFWRQLFDOO\�DFWLYH�UHJLRQV��
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)DXOWV�DUH�IUDFWXUHV�LQ�WKH�(DUWK
V�FUXVW�DORQJ�ZKLFK�VLJQLILFDQW�
GLVSODFHPHQW�KDV�RFFXUUHG�GXH�WR�WHFWRQLF�IRUFHV��%ULGHDX�HW�

DO����������7KHVH�VWUXFWXUHV�SOD\�D�NH\�UROH�LQ�VKDSLQJ�WKH�(DUWK
V

VXUIDFH� LQIOXHQFLQJ VHLVPLF DFWLYLW\� DQG FRQWULEXWLQJ WR�
ODQGVFDSH� HYROXWLRQ� �3DURQX]]L� 	� %ROOD�� ������� )DXOWV� DUH�
IRUPHG� LQ� UHVSRQVH� WR� VWUHVV� JHQHUDWHG� E\� SODWH� PRYHPHQWV��
ZKLFK� UHVXOW� LQ� GHIRUPDWLRQ� SURFHVVHV� UDQJLQJ� IURP� PLQRU�
IUDFWXUHV WR ODUJH�VFDOH IDXOW V\VWHPV �&KLJLUD� �������
8QGHUVWDQGLQJ� IDXOWV� DQG� WKHLU� PHFKDQLVPV� LV� HVVHQWLDO� IRU�
DVVHVVLQJ� VHLVPLF� KD]DUGV�� SUHGLFWLQJ� HDUWKTXDNH� ULVNV�� DQG�
LPSOHPHQWLQJ HIIHFWLYH ODQG�XVH SODQQLQJ VWUDWHJLHV LQ�
WHFWRQLFDOO\�DFWLYH�UHJLRQV��6FKXOW]���������

)DXOWV�DUH�FODVVLILHG�EDVHG�RQ�WKH�QDWXUH�RI�GLVSODFHPHQW�DQG�
WKH�VWUHVV�UHJLPH� WKDW�JRYHUQV� WKHLU� IRUPDWLRQ��$WNLQVRQ���������
7KH� WKUHH� SULPDU\� W\SHV�RI� IDXOWV� DUH� QRUPDO� IDXOWV�� UHYHUVH� �RU�
WKUXVW�� IDXOWV�� DQG� VWULNH�VOLS� IDXOWV�� 1RUPDO� IDXOWV� RFFXU� XQGHU�
H[WHQVLRQDO� VWUHVV�� ZKHUH� WKH� KDQJLQJ� ZDOO� PRYHV� GRZQZDUG�
UHODWLYH� WR� WKH� IRRWZDOO�� W\SLFDOO\� IRUPLQJ� LQ� GLYHUJHQW� SODWH�
ERXQGDULHV�� 5HYHUVH� IDXOWV� UHVXOW� IURP� FRPSUHVVLRQDO� IRUFHV��
FDXVLQJ� WKH� KDQJLQJ� ZDOO� WR� PRYH� XSZDUG� UHODWLYH� WR� WKH�
IRRWZDOO�� FRPPRQO\� IRXQG� LQ� FRQYHUJHQW� SODWH� VHWWLQJV�� 6WULNH��
VOLS� IDXOWV�� VXFK� DV� WKH� 6DQ� $QGUHDV� )DXOW�� LQYROYH� ODWHUDO�
PRYHPHQW�DORQJ�IDXOW�SODQHV�GXH�WR�KRUL]RQWDO�VKHDU�VWUHVV��RIWHQ�
RFFXUULQJ�DW� WUDQVIRUP�ERXQGDULHV� �7RUDEL�	�%HUJ���������)DXOW�
PRYHPHQW� LV� JRYHUQHG� E\� VWUHVV� FRQGLWLRQV� ZLWKLQ� WKH� (DUWK
V�
FUXVW �.LOOLFN� ������ 7KHVH VWUHVVHV� FDWHJRUL]HG LQWR�
FRPSUHVVLRQDO��H[WHQVLRQDO��DQG�VKHDU�VWUHVVHV��GLFWDWH�KRZ�IDXOWV�
EHKDYH��&RPSUHVVLRQDO�VWUHVV�OHDGV�WR�UHYHUVH�DQG�WKUXVW�IDXOWLQJ��
IRUPLQJ� PRXQWDLQRXV� UHJLRQV� OLNH� WKH� +LPDOD\DV� �%HOO�� �������
([WHQVLRQDO� VWUHVV� UHVXOWV� LQ� QRUPDO� IDXOWLQJ�� RIWHQ� VHHQ� LQ� ULIW�
YDOOH\V�VXFK�DV�WKH�(DVW�$IULFDQ�5LIW��6KHDU�VWUHVV�FDXVHV�VWULNH��
VOLS� IDXOWLQJ�� ZKLFK� LV� SUHYDOHQW� LQ� WUDQVIRUP� IDXOW� V\VWHPV�
�)DVFKLQJ� 	� 9DQHN�� ������� 7KH� PRYHPHQW� DORQJ� WKHVH� IDXOWV�
JHQHUDWHV�VHLVPLF�HQHUJ\�WKDW�SURSDJDWHV�DV�HDUWKTXDNHV��%O\WK�	�
'H�)UHLWDV���������

$� IDXOW� FRQVLVWV� RI� VHYHUDO� VWUXFWXUDO� FRPSRQHQWV�� LQFOXGLQJ�
WKH�IDXOW�SODQH��IDXOW�WUDFH��KDQJLQJ�ZDOO��IRRWZDOO��DQG�IDXOW�]RQH��
7KH� IDXOW� SODQH� LV� WKH� VXUIDFH� DORQJ�ZKLFK�GLVSODFHPHQW�RFFXUV��
ZKLOH� WKH�IDXOW� WUDFH�UHSUHVHQWV� WKH� LQWHUVHFWLRQ�RI�WKH� IDXOW�ZLWK�
WKH� (DUWK
V� VXUIDFH� �5LHGP�OOHU� HW� DO��� ������� 7KH� KDQJLQJ� ZDOO�
UHIHUV�WR�WKH�EORFN�RI�URFN�DERYH�WKH�IDXOW�SODQH��DQG�WKH�IRRWZDOO�
LV�WKH�EORFN�EHORZ��$YDU�	�+XG\PD���������,Q�ODUJH�VFDOH�IDXOW�
]RQHV�� PXOWLSOH� IDXOW� VWUDQGV�� IUDFWXUHV�� DQG� GHIRUPDWLRQ� EDQGV
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FRQWULEXWH�WR�FRPSOH[�IDXOW�QHWZRUNV�WKDW�DFFRPPRGDWH�WHFWRQLF�
PRYHPHQWV��6WHDG�	�:ROWHU���������$FWLYH�IDXOWV�DUH�UHVSRQVLEOH�
IRU�PRVW�RI�WKH�ZRUOG
V�HDUWKTXDNHV��DV�WKH\�UHOHDVH�DFFXPXODWHG�
VWUHVV�ZKHQ�VOLS�RFFXUV��0DQGO���������(DUWKTXDNHV�JHQHUDWHG�E\�
IDXOW� PRYHPHQW� YDU\� LQ� PDJQLWXGH�� GHSWK�� DQG� IUHTXHQF\�
GHSHQGLQJ� RQ� WKH� IDXOW� W\SH� DQG� WHFWRQLF� VHWWLQJ� �+DUULV�� �������
)DXOWV� ZLWK� KLJK� VOLS� UDWHV� DQG� VLJQLILFDQW� DFFXPXODWHG� VWUDLQ�
SRVH WKH JUHDWHVW VHLVPLF KD]DUG �.ULQLW]VN\� �������
6HLVPRORJLVWV� PRQLWRU� IDXOW� DFWLYLW\� XVLQJ� JHRGHWLF� WHFKQLTXHV��
*36�PHDVXUHPHQWV�� DQG� VHLVPLF� UHFRUGV� WR� DVVHVV� WKH� SRWHQWLDO�
IRU� IXWXUH� HDUWKTXDNHV� �8OXVD\� HW� DO��� ������� 7HFWRQLF� VHWWLQJV�
SOD\� D� IXQGDPHQWDO� UROH� LQ� IDXOW� IRUPDWLRQ� DQG� HYROXWLRQ�� $W�
GLYHUJHQW ERXQGDULHV� QRUPDO IDXOWV DFFRPPRGDWH FUXVWDO�
H[WHQVLRQ��IRUPLQJ�PLG�RFHDQ�ULGJHV�DQG�FRQWLQHQWDO�ULIW�V\VWHPV��
&RQYHUJHQW� ERXQGDULHV� KRVW� UHYHUVH� DQG� WKUXVW� IDXOWV�� ZKHUH�
VXEGXFWLRQ ]RQHV DQG FRQWLQHQWDO FROOLVLRQV JHQHUDWH�
FRPSUHVVLRQDO�VWUHVV��7UDQVIRUP�ERXQGDULHV�DUH�FKDUDFWHUL]HG�E\�
VWULNH�VOLS� IDXOWV�� ZKLFK� IDFLOLWDWH� ODWHUDO� GLVSODFHPHQW� EHWZHHQ�
WHFWRQLF� SODWHV�� (DFK� WHFWRQLF� HQYLURQPHQW� H[KLELWV� XQLTXH�
IDXOWLQJ� SDWWHUQV� DQG� GHIRUPDWLRQ� VW\OHV� �6FDZWKRUQ� 	� &KHQ��
�������

)DXOWV� HYROYH� RYHU� JHRORJLFDO� WLPHVFDOHV�� LQIOXHQFHG� E\�
IDFWRUV� VXFK� DV� OLWKRORJ\�� WHPSHUDWXUH�� SUHVVXUH�� DQG� UHJLRQDO�
VWUHVV� ILHOGV� �.ULQLW]VN\�� ������� 6RPH� IDXOWV� UHPDLQ� DFWLYH� IRU�
PLOOLRQV� RI� \HDUV�� DFFXPXODWLQJ� VWUDLQ� DQG� SURGXFLQJ� UHFXUUHQW�
HDUWKTXDNHV� �$YDU� 	� +XG\PD�� ������� 2WKHUV� PD\� EHFRPH�
LQDFWLYH� GXH� WR� FKDQJHV� LQ� VWUHVV� FRQGLWLRQV� RU� WHFWRQLF�
UHRUJDQL]DWLRQ��6FDZWKRUQ�	�&KHQ���������7KH�VWXG\�RI�DQFLHQW�
IDXOW� V\VWHPV� SURYLGHV� LQVLJKWV� LQWR� SDVW� WHFWRQLF� SURFHVVHV� DQG�
KHOSV� SUHGLFW� IXWXUH� IDXOW� EHKDYLRU� �8OXVD\� HW� DO��� ������� )DXOWV�
SRVH� VLJQLILFDQW� ULVNV� WR� KXPDQ� VHWWOHPHQWV�� LQIUDVWUXFWXUH�� DQG�
QDWXUDO� HQYLURQPHQWV� �+HQFKHU�� �������*URXQG� VKDNLQJ�� VXUIDFH�
UXSWXUH��ODQGVOLGHV��DQG�VHFRQGDU\�KD]DUGV�VXFK�DV� WVXQDPLV�FDQ�
UHVXOW� IURP� IDXOW� PRYHPHQW� �/LQ� HW� DO��� ������� 8QGHUVWDQGLQJ�
IDXOW� EHKDYLRU� LV� FULWLFDO� IRU� HDUWKTXDNH�UHVLVWDQW� FRQVWUXFWLRQ��
HDUO\� ZDUQLQJ� V\VWHPV�� DQG� GLVDVWHU� SUHSDUHGQHVV� �%LUG� DQG�
%RPPHU���������(QJLQHHUV�DQG�JHRORJLVWV�FROODERUDWH�WR�GHYHORS�
EXLOGLQJ� FRGHV� DQG� ]RQLQJ� UHJXODWLRQV� WKDW� PLQLPL]H� VHLVPLF�
ULVNV�LQ�IDXOW�SURQH�DUHDV��6FDZWKRUQ�	�&KHQ���������

$GYDQFHPHQWV LQ UHPRWH VHQVLQJ DQG *HRJUDSKLF�
,QIRUPDWLRQ� 6\VWHPV� �*,6�� KDYH� UHYROXWLRQL]HG� IDXOW� PDSSLQJ�
DQG� KD]DUG� DVVHVVPHQW�� 6DWHOOLWH� LPDJHU\�� /L'$5�� DQG� ,Q6$5�
�,QWHUIHURPHWULF� 6\QWKHWLF� $SHUWXUH� 5DGDU�� HQDEOH� GHWDLOHG�
DQDO\VLV� RI� IDXOW� VWUXFWXUHV�� GLVSODFHPHQW� SDWWHUQV�� DQG� VXUIDFH�
GHIRUPDWLRQ� �'HOLJLDQQDNLV� HW� DO��� ������0HKUDEL� HW� DO��� �������
7KHVH� WHFKQRORJLHV�HQKDQFH�RXU�DELOLW\�WR�PRQLWRU� IDXOW�DFWLYLW\��
SUHGLFW�VHLVPLF�KD]DUGV��DQG�SODQ�IRU�VXVWDLQDEOH�GHYHORSPHQW�LQ�
WHFWRQLFDOO\� DFWLYH� UHJLRQV� �=KDQJ� HW� DO��� ������� 7KH� VWXG\� RI�
IDXOWV� DQG� WKHLU� DVVRFLDWHG� VHLVPLF� KD]DUGV� LV� FUXFLDO� IRU�
XQGHUVWDQGLQJ�HDUWKTXDNH�ULVNV�DQG�PLWLJDWLQJ�SRWHQWLDO�GLVDVWHUV�
LQ� XUEDQ� DUHDV� �/LX� HW� DO��� ������� )DXOWV� LQIOXHQFH� JURXQG�
VWDELOLW\�� LQIUDVWUXFWXUH� LQWHJULW\�� DQG� ODQG�XVH� SODQQLQJ��PDNLQJ�
WKHP�D�NH\�IDFWRU�LQ�XUEDQ�GHYHORSPHQW�VWUDWHJLHV��$KPDG�HW�DO���
������� %\� LGHQWLI\LQJ� DFWLYH� IDXOW� ]RQHV� DQG� DVVHVVLQJ� VHLVPLF�
ULVNV�� GHFLVLRQ�PDNHUV� FDQ� LPSOHPHQW� SROLFLHV� WKDW� HQKDQFH�
SXEOLF� VDIHW\� DQG�PLQLPL]H� WKH� LPSDFW� RI� HDUWKTXDNHV� RQ� FLWLHV�
DQG� FRPPXQLWLHV� �+DVKHPL� HW� DO��� ������� 6XFK� VWXGLHV� SURYLGH�
HVVHQWLDO� GDWD� IRU� GHVLJQLQJ� HDUWKTXDNH�UHVLVWDQW� VWUXFWXUHV��
RSWLPL]LQJ� ODQG�XVH� SODQQLQJ�� DQG� LPSURYLQJ� HDUO\� ZDUQLQJ

V\VWHPV��6FDZWKRUQ�	�&KHQ���������2QH�RI�WKH�PDMRU�DGYDQWDJHV�
RI� IDXOW� VWXGLHV� LV� WKHLU� FRQWULEXWLRQ� WR� GLVDVWHU� ULVN� UHGXFWLRQ�
�$KPDGL� 	� 3HNNDQ�� ������� %\� PDSSLQJ� DFWLYH� IDXOW� OLQHV��
JHRORJLVWV� DQG� HQJLQHHUV� FDQ� LGHQWLI\� KLJK�ULVN� ]RQHV� ZKHUH�
XUEDQ�H[SDQVLRQ�VKRXOG�EH�FDUHIXOO\�PDQDJHG��.DULP]DGHK�HW�DO���
�������7KLV�NQRZOHGJH�DOORZV�SODQQHUV�WR�HVWDEOLVK�FRQVWUXFWLRQ�
UHJXODWLRQV� WKDW� SUHYHQW� GHYHORSPHQW LQ� KD]DUGRXV DUHDV��
UHGXFLQJ� SRWHQWLDO� GDPDJH� DQG� FDVXDOWLHV� �.ULQLW]VN\�� �������
$GGLWLRQDOO\�� VHLVPLF� KD]DUG� DVVHVVPHQWV� LQIRUP� HPHUJHQF\�
UHVSRQVH� VWUDWHJLHV�� HQVXULQJ� WKDW� FLWLHV� DUH� EHWWHU� SUHSDUHG� IRU�
SRWHQWLDO� HDUWKTXDNHV� WKURXJK� LPSURYHG� LQIUDVWUXFWXUH� UHVLOLHQFH�
DQG�HIIHFWLYH�HYDFXDWLRQ�SODQV��6WHDG�	�:ROWHU���������

'HVSLWH� WKHVH� EHQHILWV�� IDXOW� VWXGLHV� DOVR� IDFH� VHYHUDO�
OLPLWDWLRQV�� 7KH� FRPSOH[LW\� RI� IDXOW� EHKDYLRU�� YDULDWLRQV� LQ�
VHLVPLF�DFWLYLW\��DQG�XQFHUWDLQWLHV� LQ�HDUWKTXDNH�SUHGLFWLRQ�SRVH�
VLJQLILFDQW� FKDOOHQJHV� �%DUUHFD� HW� DO��� ������� :KLOH� PRGHUQ�
UHPRWH�VHQVLQJ�DQG�JHRSK\VLFDO� WHFKQLTXHV�KDYH� LPSURYHG� IDXOW�
PDSSLQJ�� SUHGLFWLQJ� WKH� H[DFW� WLPH�� ORFDWLRQ�� DQG�PDJQLWXGH� RI�
DQ�HDUWKTXDNH� UHPDLQV�KLJKO\�XQFHUWDLQ� �5RGUtJXH]�3HFHV�HW�DO���
������� $GGLWLRQDOO\�� LPSOHPHQWLQJ� IDXOW�EDVHG� XUEDQ� SODQQLQJ�
UHTXLUHV� VWURQJ� JRYHUQDQFH�� ILQDQFLDO� LQYHVWPHQW�� DQG� SXEOLF�
DZDUHQHVV� �/LQ� 	� 7XQJ�� ������� ZKLFK� PD\� QRW� DOZD\V� EH�
IHDVLEOH� LQ� UDSLGO\� H[SDQGLQJ� FLWLHV� ZLWK� OLPLWHG� UHVRXUFHV�
�5DKPDQ�HW� DO��� �������0RUHRYHU��EDODQFLQJ�XUEDQ�GHYHORSPHQW�
ZLWK VHLVPLF ULVN PLWLJDWLRQ LV D VLJQLILFDQW FKDOOHQJH�
�5RGUtJXH]�3HFHV� HW� DO��� ������� 0DQ\� FLWLHV� H[SHULHQFH� UDSLG�
SRSXODWLRQ JURZWK DQG LQFUHDVLQJ LQIUDVWUXFWXUH GHPDQGV��
PDNLQJ� LW� GLIILFXOW� WR� UHVWULFW� GHYHORSPHQW� LQ� KLJK�ULVN� DUHDV�
�$YDU� 	� +XG\PD�� ������� 5HWURILWWLQJ� H[LVWLQJ� EXLOGLQJV� DQG�
HQIRUFLQJ� VWULFW� EXLOGLQJ� FRGHV� UHTXLUH� VXEVWDQWLDO� IXQGLQJ� DQG�
ORQJ�WHUP�SODQQLQJ��0DQGO���������3XEOLF�UHVLVWDQFH�WR�UHORFDWLRQ�
IURP�KD]DUG�SURQH�]RQHV�DOVR�FRPSOLFDWHV�WKH�LPSOHPHQWDWLRQ�RI�
VHLVPLF� ULVN�PDQDJHPHQW� VWUDWHJLHV� �6FDZWKRUQ�	�&KHQ���������
7KHUHIRUH�� LQWHJUDWLQJ� IDXOW� VWXGLHV� LQWR� XUEDQ� GHYHORSPHQW�
UHTXLUHV� D� PXOWLGLVFLSOLQDU\� DSSURDFK� LQYROYLQJ� JHRORJLVWV��
HQJLQHHUV��SROLF\PDNHUV��DQG�FRPPXQLW\��7RUDEL�	�%HUJ���������
$OVR�� WKH� FRQWLQXRXV� DGYDQFHPHQW� RI� JHRVSDWLDO� WHFKQRORJ\��
PDFKLQH�OHDUQLQJ��DQG�UHDO�WLPH�PRQLWRULQJ�V\VWHPV�LV�LPSURYLQJ�
RXU�DELOLW\�WR�DVVHVV�VHLVPLF�ULVNV�PRUH�DFFXUDWHO\��5RXHWဨ/HGXF�
HW�DO����������:LWK�EHWWHU�GDWD�LQWHJUDWLRQ�DQG�SURDFWLYH�SROLFLHV��
FLWLHV� FDQ� HQKDQFH� WKHLU� UHVLOLHQFH� DJDLQVW� HDUWKTXDNHV� ZKLOH�
PDLQWDLQLQJ�VXVWDLQDEOH�GHYHORSPHQW��7DQ�HW�DO����������,QYHVWLQJ�
LQ�UHVHDUFK��LQIUDVWUXFWXUH�UHLQIRUFHPHQW��DQG�SXEOLF�HGXFDWLRQ�LV�
HVVHQWLDO� IRU� PLQLPL]LQJ� WKH� LPSDFW� RI� VHLVPLF� KD]DUGV� DQG�
HQVXULQJ� VDIHU� XUEDQ� HQYLURQPHQWV� �+XOEHUW� HW� DO��� �������
1RUWKHDVWHUQ� .HUPDQ� LV� D� WHFWRQLFDOO\� DFWLYH� UHJLRQ� ZLWK� D�
KLVWRU\� RI� VLJQLILFDQW� HDUWKTXDNHV� GXH� WR� WKH� SUHVHQFH� RI�PDMRU�
IDXOW�V\VWHPV��8QGHUVWDQGLQJ�WKH�G\QDPLFV�RI�EULWWOH�GHIRUPDWLRQ�
DQG�LWV�FRUUHODWLRQ�ZLWK�VHLVPLF�DFWLYLW\�LV�HVVHQWLDO�IRU�DVVHVVLQJ�
KLJK�ULVN� ]RQHV� DQG� JXLGLQJ� VXVWDLQDEOH� XUEDQ� SODQQLQJ� LQ� WKLV�
UHJLRQ�� 2XU� UHVHDUFK� IRFXVHV� RQ� HYDOXDWLQJ� WKHVH� KLJK�ULVN�
G\QDPLF� ]RQHV� E\� LQWHJUDWLQJ� JHRORJLFDO� VXUYH\V�� UHPRWH�
VHQVLQJ��DQG�VHLVPLF�GDWD�DQDO\VLV��%\�LGHQWLI\LQJ�DUHDV�SURQH�WR�
LQVWDELOLW\�� ZH� DLP� WR� SURYLGH� YDOXDEOH� LQVLJKWV� IRU� XUEDQ�
SODQQHUV� HQJLQHHUV� DQG SROLF\PDNHUV WR GHYHORS VDIHU�
LQIUDVWUXFWXUH�� LPSOHPHQW�ULVN�PLWLJDWLRQ�PHDVXUHV��DQG�HQKDQFH�
GLVDVWHU�SUHSDUHGQHVV�LQ�QRUWKHDVWHUQ�.HUPDQ�
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,UDQ�LV�VLWXDWHG�DW�WKH�FRQYHUJHQFH�]RQH�EHWZHHQ�WKH�$UDELDQ�

3ODWH�� WKH�(XUDVLDQ�3ODWH��DQG� WKH� ,QGLDQ�3ODWH��PDNLQJ�LW�RQH�RI�
WKH� PRVW� WHFWRQLFDOO\� DFWLYH� UHJLRQV� LQ� WKH� ZRUOG� �$JKDQDEDWL��
�������7KLV�FRPSOH[�LQWHUDFWLRQ�KDV�UHVXOWHG�LQ�D�GLYHUVH�UDQJH�RI�
VWUXFWXUDO�DQG�JHRORJLFDO�IHDWXUHV��LQFOXGLQJ�PDMRU�IDXOW�V\VWHPV��
IROG�WKUXVW� EHOWV�� DQG� DFWLYH� VHLVPLF� ]RQHV� �6WHUQ� HW� DO��� �������
7KH�RQJRLQJ�FROOLVLRQ�EHWZHHQ� WKH�$UDELDQ�DQG�(XUDVLDQ�SODWHV�
KDV� OHG� WR� LQWHQVH� FUXVWDO� GHIRUPDWLRQ�� IRUPLQJ� NH\� WHFWRQLF�
SURYLQFHV� VXFK� DV� WKH� =DJURV� )ROG� DQG�7KUXVW�%HOW�� WKH�$OERU]�
0RXQWDLQV�� DQG� WKH� &HQWUDO� ,UDQ� 3ODWHDX� �0LU]DHL� HW� DO��� �������
7KLV�WHFWRQLF�DFWLYLW\�LV�UHVSRQVLEOH�IRU�IUHTXHQW�HDUWKTXDNHV�DQG�
VLJQLILFDQW�ODQGVFDSH�FKDQJHV�RYHU�JHRORJLFDO�WLPHVFDOHV��&ODSS��
������� 7KH� PDMRU� IDXOW� V\VWHPV� LQ� ,UDQ� SOD\� D� FUXFLDO� UROH� LQ�
DFFRPPRGDWLQJ� FUXVWDO� GHIRUPDWLRQ� �$JKDQDEDWL�� ������� 6RPH�
RI� WKH�PRVW� SURPLQHQW� RQHV� LQFOXGH� WKH�0DLQ� =DJURV� )DXOW�� WKH�
'RUXQHK�)DXOW�� WKH�1D\EDQG� )DXOW�� DQG� WKH�1RUWK�7DEUL]�)DXOW��
DOO� RI� ZKLFK� FRQWULEXWH� WR� VWULNH�VOLS� DQG� WKUXVW� IDXOWLQJ�
PHFKDQLVPV��6W|FNOLQ���������7KH�=DJURV�0DNUDQ�7UDQVIHU�=RQH�
�=07=��PDUNV�WKH� WUDQVLWLRQ�IURP�WKH�FROOLVLRQ�GULYHQ� WHFWRQLFV�
RI� WKH� =DJURV� %HOW� WR� WKH� VXEGXFWLRQ�GRPLQDWHG� UHJLPH� RI� WKH�
0DNUDQ�7UHQFK��6WHUQ�HW�DO����������$GGLWLRQDOO\��WKH�&HQWUDO�,UDQ�
0LFURFRQWLQHQW��ZKLFK�LV�ERUGHUHG�E\�RSKLROLWLF�VXWXUH�]RQHV�DQG�
VWULNH�VOLS�IDXOWV��H[KLELWV�D�FRPSOH[�LQWHUSOD\�RI�H[WHQVLRQDO�DQG�
FRPSUHVVLRQDO� WHFWRQLFV�� LQIOXHQFLQJ� VHLVPLF� DFWLYLW\� LQ� WKH�
UHJLRQ��$JKDQDEDWL��������$PLULKDQ]D�HW�DO����������

,UDQ¶V� WHFWRQLF� VHWWLQJ� KDV� VLJQLILFDQW LPSOLFDWLRQV� IRU�
JHRWHFKQLFDO� HQJLQHHULQJ�� HDUWKTXDNH� KD]DUG� DVVHVVPHQW�� DQG�
QDWXUDO� UHVRXUFH� H[SORUDWLRQ� �6W|FNOLQ�� ������ (EUDKLPL� HW� DO���
�������7KH�=DJURV�%HOW�LV�ULFK�LQ�K\GURFDUERQV��ZKLOH�WKH�&HQWUDO�
,UDQ� UHJLRQ� FRQWDLQV� QXPHURXV� PLQHUDO� GHSRVLWV� IRUPHG� E\�
WHFWRQLFDOO\� FRQWUROOHG� PDJPDWLF� DQG� K\GURWKHUPDO� SURFHVVHV�
�:DONHU� 	� -DFNVRQ�� ������� 6HLVPLF� KD]DUGV� UHPDLQ� D� PDMRU�
FRQFHUQ� ZLWK KLVWRULFDO HDUWKTXDNHV FDXVLQJ ZLGHVSUHDG�
GHVWUXFWLRQ� LQ� FLWLHV� OLNH� 7DEDV�� %DP�� DQG� 0DQMLO�5XGEDU��
8QGHUVWDQGLQJ� WKH� WHFWRQLF� IUDPHZRUN� RI� ,UDQ� LV� HVVHQWLDO� IRU�
LQIUDVWUXFWXUH GHYHORSPHQW� GLVDVWHU ULVN UHGXFWLRQ� DQG�
VXVWDLQDEOH� UHVRXUFH� PDQDJHPHQW� LQ� WKLV� JHRORJLFDOO\� G\QDPLF�
UHJLRQ� �&DPS� 	� *ULIILV�� ������� )LJXUH� �� SUHVHQWV� D� VLPSOLILHG�
WHFWRQLF�PDS�RI�,UDQ�RYHUODLG�RQ�D�VKDGHG�UHOLHI� LPDJH�IURP�WKH�
6KXWWOH�5DGDU�7RSRJUDSK\�0LVVLRQ��6570���7KLV�PDS�LOOXVWUDWHV�
WKH� PDMRU� WHFWRQLF� GRPDLQV� DQG� WKH� SULPDU\� VWULNH�VOLS� IDXOW�
V\VWHPV� WKDW� DFFRPPRGDWH� WKH� $UDELD�(XUDVLD� FRQYHUJHQFH�
�7DGD\RQ�HW�DO����������7KH�WHFWRQLF�IUDPHZRUN�RI�,UDQ�LV�VKDSHG�
E\� WKH� RQJRLQJ� FROOLVLRQ� EHWZHHQ� WKH� $UDELDQ� DQG� (XUDVLDQ�
SODWHV�� OHDGLQJ� WR� D� KLJKO\� FRPSOH[� V\VWHP� RI� IDXOWV� DQG�
VWUXFWXUDO� ]RQHV� �0DGDQLSRXU� HW� DO��� ������� 7KH� WHFWRQLF�
IUDPHZRUN� LQFOXGHV� PDMRU� IDXOW� V\VWHPV� DQG� WHFWRQLF� ]RQHV��
ZKLFK�SOD\�D�FUXFLDO�UROH�LQ�DFFRPPRGDWLQJ�UHJLRQDO�GHIRUPDWLRQ�
�%HUUD�HW�DO����������7KH�LQVHW�PDS�SURYLGHV�*36�YHORFLW\�YHFWRUV�
�EODFN� DUURZV��� LOOXVWUDWLQJ� WKH� UHODWLYH� PRWLRQ� RI� ,UDQ� ZLWK�
UHVSHFW�WR�VWDEOH�(XUDVLD��EDVHG�RQ�GDWD� IURP�:DOSHUVGRUI�HW�DO��
��������7KH�VWXGLHG�UHJLRQ�LV�ORFDWHG�LQ�FHQWUDO�,UDQ�]RQH��

&HQWUDO�,UDQ�LV�D�VWUXFWXUDOO\�FRPSOH[�UHJLRQ�ORFDWHG�EHWZHHQ�
WKH�=DJURV�)ROG�DQG�7KUXVW�%HOW�WR�WKH�VRXWKZHVW�DQG�WKH�$OERU]�
0RXQWDLQV�WR�WKH�QRUWK��$JKDQDEDWL���������,W�LV�FKDUDFWHUL]HG�E\�
D�PRVDLF�RI�PLFURFRQWLQHQWV��ERXQGHG�E\�PDMRU�VWULNH�VOLS�IDXOWV�
DQG�VXWXUH�]RQHV�WKDW�UHIOHFW�LWV�ORQJ�WHFWRQLF�HYROXWLRQ��6W|FNOLQ��
������ 7KLV UHJLRQ KDV H[SHULHQFHG PXOWLSOH SKDVHV RI

FRPSUHVVLRQ�� H[WHQVLRQ�� DQG� VWULNH�VOLS� GHIRUPDWLRQ�� SULPDULO\�
GXH� WR� WKH�RQJRLQJ�FROOLVLRQ� EHWZHHQ� WKH�$UDELDQ� DQG�(XUDVLDQ�
SODWHV� �6WHUQ� HW� DO��� ������� 7KH� &HQWUDO� ,UDQ�0LFURFRQWLQHQW� LV�
ERUGHUHG�E\�NH\�IDXOW�V\VWHPV�� LQFOXGLQJ�WKH�'RUXQHK�)DXOW�� WKH�
1D\EDQG� )DXOW�� DQG� WKH .DVKPDU�.HUPDQ� 7HFWRQLF� =RQH�
�..7=��� ZKLFK� DFFRPPRGDWH� VLJQLILFDQW� FUXVWDO� GHIRUPDWLRQ��
7KH�UHJLRQ�DOVR�IHDWXUHV�RSKLROLWLF�UHPQDQWV��PDUNLQJ�WKH�FORVXUH�
RI� DQFLHQW� RFHDQLF� EDVLQV� �7DGD\RQ�HW� DO��� �������7KH� VWUXFWXUDO�
FRQILJXUDWLRQ�RI�&HQWUDO� ,UDQ�� DV� LOOXVWUDWHG� LQ� )LJXUH� ��� UHYHDOV�
GLVWLQFW� WHFWRQLF� VXEGRPDLQV�� LQFOXGLQJ� WKH� /XW� %ORFN�� 7DEDV�
%ORFN�� DQG� <D]G� %ORFN�� ZKLFK� DUH� VHSDUDWHG� E\� PDMRU� IDXOW�
V\VWHPV� �$JKDQDEDWL���������7KHVH�EORFNV�KDYH�EHHQ�VXEMHFW� WR�
GLIIHUHQWLDO� XSOLIW� DQG� VXEVLGHQFH�� OHDGLQJ� WR� YDULHG� WRSRJUDSK\�
DQG�VHLVPLF�DFWLYLW\��%HUEHULDQ���������7KH�UHJLRQ�LV�VHLVPLFDOO\�
DFWLYH�� ZLWK� KLVWRULFDO� HDUWKTXDNHV� LQGLFDWLQJ� RQJRLQJ� FUXVWDO�
DGMXVWPHQW��=DQFKL�HW�DO����������$GGLWLRQDOO\��&HQWUDO�,UDQ�KRVWV�
H[WHQVLYH�PDJPDWLF�DQG�PLQHUDOL]HG�]RQHV��PDNLQJ�LW�D�NH\�DUHD�
IRU� JHRORJLFDO� DQG� HFRQRPLF� VWXGLHV� �6WHUQ� HW� DO��� ������� 7KH�
WHFWRQLF� HYROXWLRQ� RI� WKLV� UHJLRQ� FRQWLQXHV� WR� EH� D� IRFXV� RI�
UHVHDUFK�� DV� LW�SOD\V�D� FUXFLDO� UROH� LQ� XQGHUVWDQGLQJ� WKH�EURDGHU�
$UDELD�(XUDVLD FROOLVLRQ V\VWHP DQG LWV LPSOLFDWLRQV IRU�
HDUWKTXDNH�KD]DUGV�DQG�UHVRXUFH�H[SORUDWLRQ��$JKDQDEDWL���������

7KH� .HUPDQ� UHJLRQ� LV� RQH� RI� WKH� PRVW� JHRORJLFDOO\� GLYHUVH�
DQG� IDVFLQDWLQJ� DUHDV� LQ� ,UDQ�� FKDUDFWHUL]HG� E\� D� ZLGH� UDQJH� RI�
JHRORJLFDO� DQG� WHFWRQLF� IRUPDWLRQV� �$JKDQDEDWL�� ������� 7KLV�
UHJLRQ� HQFRPSDVVHV� PXOWLSOH� WHFWRQLF� ]RQHV�� HDFK� ZLWK� GLVWLQFW�
VWUXFWXUDO�DQG�OLWKRORJLFDO� IHDWXUHV��$PHUL�HW�DO����������0RYLQJ�
IURP�WKH�QRUWKHUQPRVW�SDUWV�RI�WKH�UHJLRQ�WRZDUGV�WKH�VRXWK��WKH�
FRPSOH[LW\�RI�WKHVH�IRUPDWLRQV�EHFRPHV�PRUH�HYLGHQW��:DONHU�HW�
DO����������$�NH\�VWUXFWXUDO�XQLW�LQ�WKLV�UHJLRQ�LV�WKH�&HQWUDO�,UDQ�
0LFURFRQWLQHQW�� ZKLFK� IRUPV� D� VLJQLILFDQW� SDUW� RI� &HQWUDO� ,UDQ�
�$JKDQDEDWL�� �������7KLV�PLFURFRQWLQHQW� LV� ERXQGHG� E\� VHYHUDO�
PDMRU�JHRORJLFDO�IHDWXUHV��LQFOXGLQJ�WKH�6LVWDQ�2SKLROLWLF�6XWXUH�
=RQH��WKH�1DLHQ�2SKLROLWLF�%HOW��WKH�%DIW�2SKLROLWH��WKH�'RUXQHK�
)DXOW��DQG�WKH�.DVKPDU�6DE]HYDU�2SKLROLWHV��6W|FNOLQ��������

Fig. 1�6LPSOL¿HG�WHFWRQLF�PDS�RI�,UDQ��7DGD\RQ�HW�DO��������
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Fig. 2�6LPSOL¿HG�WHFWRQLF�PDS�RI�&HQWUDO�,UDQ��*KRUEDQL�������

Fig. 3�*HRORJLFDO�PDS�RI�1RUWKHDVWHUQ�.HUPDQ�
�*HRORJLFDO�6XUYH\�RI�,UDQ�������

,W� LV� IXUWKHU� VHJPHQWHG� E\� ODUJH�VFDOH� ULJKW�ODWHUDO� VWULNH�VOLS�
IDXOWV��ZKLFK�GLVSOD\�D�FKDUDFWHULVWLF�ZHVWZDUG�FXUYDWXUH��%DVHG�
RQ�WKHVH�VWUXFWXUDO�DQG�JHRORJLFDO�FKDUDFWHULVWLFV��WKH�&HQWUDO�,UDQ�
0LFURFRQWLQHQW�FDQ�EH�GLYLGHG�LQWR�VHYHUDO�GLVWLQFW�WHFWRQLF�XQLWV��
WKH� /XW� %ORFN�� WKH� 6KRWRUL� 8SOLIW�� WKH� 7DEDV� 'HSUHVVLRQ�� WKH�
.DOPDUG� 8SOLIW�� WKH� 3RVKW�H�%DGDP� %ORFN�� WKH� %L\D]�%DUGVLU�
*UDEHQ��DQG� WKH�<D]G�%ORFN��(DFK�RI�WKHVH�XQLWV�KDV�XQGHUJRQH�
XQLTXH�JHRORJLFDO�SURFHVVHV��FRQWULEXWLQJ�WR�WKH�ULFK�WHFWRQLF�DQG�
PLQHUDORJLFDO� FRPSOH[LW\�RI� WKH� UHJLRQ��7KHLU� LQWHUDFWLRQV� KDYH�
SOD\HG� D� FUXFLDO� UROH� LQ� VKDSLQJ� WKH� JHRORJLFDO� ODQGVFDSH� RI�
.HUPDQ�� PDNLQJ� LW� DQ� HVVHQWLDO� DUHD� IRU� IXUWKHU� JHRORJLFDO��
JHRWHFKQLFDO�� DQG� PLQHUDO� H[SORUDWLRQ� VWXGLHV�� )LJXUH� �� LV�
SURYLGHG�WKH�JHRORJLFDO�PDS�RI�WKH�VWXGLHG�DUHD��7KH�&UHWDFHRXV�
OLPHVWRQHV� DURXQG� WKH� FLW\� RI�.HUPDQ� KDYH� H[WHQVLYH� RXWFURSV��
7KH� OLWKRORJLFDO� VHTXHQFH� RI� WKHVH� RXWFURSV� LQFOXGHV� PDUO\�
VDQGVWRQH� OLPHVWRQHV�� PDUO\� OLPHVWRQHV�� ELRFODVWLF� OLPHVWRQHV��
GHWULWDO�ELRFODVWLF�OLPHVWRQHV��DQG�PLFULWLF�OLPHVWRQHV�DORQJ�ZLWK�
PDUO��,Q�WKH�VWXG\�DUHD��$OLDEDG�0RXQWDLQ�LV�YLVLEOH��DV�VKRZQ�LQ�
)LJXUH� ��� $FFRUGLQJ� WR WKH JHRORJLFDO PDS� RI� .HUPDQ�
�*HRORJLFDO� 6XUYH\� RI� ,UDQ�� ������� WKH� &UHWDFHRXV� VHTXHQFH� LQ�
WKLV UHJLRQ RXWFURSV LQ WKH SOXQJLQJ DQWLFOLQH VWUXFWXUH

�$JKDQDEDWL�� ������� 7KH� QRUWKZHVWHUQ� SDUWV� RI� WKH� &UHWDFHRXV�
RXWFURS� LQ� WKLV� DUHD� DUH� FRYHUHG� E\� WKH� .HUPDQ� FRQJORPHUDWH��
ZKLFK�LV�D�UHVXOW�RI�WHFWRQLF�GLVSODFHPHQW��*KRUEDQL���������7KH�
JHRORJLFDO� IRUPDWLRQ� RI� WKLV� DUHD� LV� FKDUDFWHUL]HG� E\� FRPSOH[�
WHFWRQLF� IHDWXUHV� DQG� YDULRXV� URFN� W\SHV�� 7KH� OLPHVWRQHV� LQ� WKH�
UHJLRQ� DUH� LQGLFDWLYH� RI� VKDOORZ� PDULQH� GHSRVLWV�� ZKLOH� WKH�
.HUPDQ�FRQJORPHUDWH�VXJJHVWV�PRUH�G\QDPLF�FRQGLWLRQV�GXULQJ�
WKH�&HQR]RLF��$JKDQDEDWL���������7KH�WUDQVLWLRQ�IURP�OLPHVWRQHV�
WR� FRQJORPHUDWHV� UHSUHVHQWV� D� VLJQLILFDQW� VKLIW� LQ� GHSRVLWLRQDO�
HQYLURQPHQWV�� LQIOXHQFHG� E\� WHFWRQLF� IRUFHV� DQG� UHJLRQDO� XSOLIW�
�*KRUEDQL�� ������� $GGLWLRQDOO\�� DQ� DHULDO� PDS� RI� WKH� UHJLRQ� LV�
SURYLGHG� LQ� )LJXUH� ��� ZKLFK� RIIHUV� D� GHWDLOHG� YLHZ� RI� WKH�
ODQGVFDSH�DQG�JHRORJLFDO�IRUPDWLRQV��

,Q� DFFRUGDQFH� ZLWK� WKH� JHRORJLFDO� PDS�� WKH� FUHWDFHRXV�
IRUPDWLRQV� LQ� WKH�.HUPDQ� DUHD� DUH� GLYLGHG� LQWR� (DUO\� DQG� /DWH�
&UHWDFHRXV� SHULRGV�� 7KH� /DWH� &UHWDFHRXV� LV� PRUH� SUHYDOHQW��
ZKLOH� WKH� (DUO\� &UHWDFHRXV� LV� UHODWLYHO\� WKLQ�� 7KH� /DWH�
&UHWDFHRXV� LV� IXUWKHU� GLYLGHG� LQWR� WZR� JURXSV�� 2QH� RXWFURS��
ORFDWHG� ��� NP� QRUWKHDVW� RI� 'HK� 0RKDPPDG� 6KDK�� VKRZV� D�
VHTXHQFH� RI� FRQJORPHUDWHV� DQG� UHG� VDQGVWRQH�VKDOHV� RYHUO\LQJ
WKH .� XQLW� $ERYH WKLV� PDUOV� PDUO�OLPHVWRQHV� DQG�
OLPHVWRQHV�� DWWULEXWHG� WR� WKH� /RZHU� 6HQRQLDQ�� DUH� IRXQG�� 7KLV�
VHTXHQFH� LV� IROORZHG�E\�D����P�� WKLFN�FRQJORPHUDWH��VXFFHHGHG�
E\�GDUN�JUH\�WR�EODFN�UHHI�UXGLVW�EHDULQJ�OLPHVWRQH��7KH�PDMRULW\�
RI�6DLGL�0RXQWDLQ�LV�FRPSRVHG�RI�WKLV�XQLW�

PJ

Fig. 4�6DWHOOLWH�LPDJH�RI�WKH�VWXG\�DUHD��/DQGVDW�70�GDWD�
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7KH�4XDWHUQDU\�VHGLPHQWDU\�XQLW��4� �� FRYHUV� ODUJH�DUHDV� LQ�
WKH� QRUWKHUQ� DQG� HDVWHUQ� SDUWV� RI� WKH� UHJLRQ�� ,W� FRQVLVWV� RI�
XQFRQVROLGDWHG�FRQJORPHUDWHV��PDLQO\�KRUL]RQWDO��H[FHSW�LQ�IDXOW�
]RQHV� ZKHUH� WKH\� DUH� FHPHQWHG�� 7KH� DUHD� DOVR� FRQWDLQV� VDQG�
GXQHV�DQG�ZLQGEORZQ�VDQGV�LQ�WKH�QRUWKHDVW��2OGHU�DOOXYLDO�IDQV�

W� W� W��

SLF

�4� ��4� ��DUH�FXW�E\�\RXQJHU�DOOXYLDO�IDQV�DQG�IORRGSODLQV��4�� ��
W�4�� ��� ZLWK� \RXQJHU� GHSRVLWV� EHLQJ� DVVRFLDWHG� ZLWK� ULYHUEHGV��

ZLQG�EORZQ� VHGLPHQWV�� DQG� GHEULV�� 0HWDPRUSKLF� URFNV� LQ� WKH�
DUHD�� VXFK� DV� VNDUQV� DQG� PDUEOHV�� IRUP� GXH� WR� WKH� LQWUXVLRQ� RI�
EDVLF�GLNHV�LQWR�8SSHU�&UHWDFHRXV�OLPHVWRQHV��ZLWK�RXWFURSV�VHHQ�
LQ WKH -DQJDO�H�*KDHP UHJLRQ� ,JQHRXV URFNV� LQFOXGLQJ�
PRQ]RQLWLF� DQG� GLDEDVH� GLNHV�� DUH� IRXQG� LQ� DUHDV� OLNH� .XK�H��
6DKHE�DO�=DPDQ DQG 6DLGL VWRQH TXDUULHV� H[KLELWLQJ D�
SRUSK\ULWLF� WH[WXUH�� 7KHVH� GLNHV� FRQWDLQ� FOLQRS\UR[HQHV� WKDW�
RIWHQ� DOWHU� LQWR� ELRWLWH�� DQG� WKH� JURXQGPDVV� LV� PDGH� RI�
SODJLRFODVH� DQG� DONDOL� IHOGVSDU�� 6RPH� GLNHV� XQGHUJR� LQWHQVH�
DOWHUDWLRQ��FRQYHUWLQJ�PLQHUDOV�LQWR�FDOFLWH��FKORULWH��DQG�DOELWH�

,,,� +,*+�5,6.�'<1$0,&�=21(6�$1$/<6,6�

7KH� LQ�VLWX� VWUHVV� ILHOG� SOD\V� D� FUXFLDO� UROH� LQ� VKDSLQJ� WKH�
JHRORJLFDO DQG JHRPRUSKRORJLFDO IHDWXUHV RI QRUWKHDVWHUQ�
.HUPDQ�� 7KH� UHJLRQ� LV� FKDUDFWHUL]HG� E\� D� FRPSOH[� QHWZRUN� RI�
IDXOWV�� IUDFWXUHV�� DQG� EULWWOH� GHIRUPDWLRQ� VWUXFWXUHV�� ZKLFK� DUH�
SULPDULO\� FRQWUROOHG� E\� UHJLRQDO� WHFWRQLFV� �%HOO�� ������� 7KHVH�
VWUHVV�LQGXFHG� GLVFRQWLQXLWLHV� KDYH� UHVXOWHG� LQ� YDULRXV� KLJK�ULVN�
G\QDPLF� ]RQHV� WKDW� DUH� VXVFHSWLEOH� WR� LQVWDELOLW\�� SRVLQJ�
VLJQLILFDQW� FKDOOHQJHV� IRU� LQIUDVWUXFWXUH� GHYHORSPHQW� DQG� XUEDQ�
H[SDQVLRQ��+HQFKHU���������)LJXUH���LOOXVWUDWHV�DQ�H[DPSOH�RI�LQ��
VLWX� VWUHVV� ILHOG� LQ� D� ODUJH�DUHD� �7ZLVV� 	� 0RRUHV�� ������� 7KH�
LQWULFDWH� IDXOW� V\VWHPV� LQ� QRUWKHDVWHUQ�.HUPDQ�� LQFOXGLQJ�PDMRU�
VWULNH�VOLS� DQG� WKUXVW� IDXOWV�� KDYH� OHG� WR� GLYHUVH� PRUSKRORJLFDO�
ODQGIRUPV� VXFK� DV� IDXOW� VFDUSV�� XSOLIWHG� EORFNV�� DQG� VXEVLGHG�
EDVLQV��7KHVH� IHDWXUHV�DUH�VWURQJO\�LQIOXHQFHG�E\�WKH�RULHQWDWLRQ�
DQG� LQWHQVLW\� RI� WKH� UHJLRQDO� VWUHVV� UHJLPH�� 7KH� FRQWLQXRXV�
WHFWRQLF� DFWLYLW\� KDV� QRW� RQO\� VKDSHG� WKH� ODQGVFDSH� EXW� DOVR�
FRQWULEXWHG� WR� JHRWHFKQLFDO� KD]DUGV�� LQFOXGLQJ� VORSH� IDLOXUHV��
GLIIHUHQWLDO� VHWWOHPHQWV�� DQG� VHLVPLF�LQGXFHG� GHIRUPDWLRQV�� 7KH�
GHSHQGHQF\�RI�PRUSKRORJLFDO� VWUXFWXUHV�RQ�WKH�SUHYDLOLQJ�VWUHVV�
ILHOG� LV� HYLGHQW� WKURXJK� WKH� VSDWLDO� GLVWULEXWLRQ� RI� EULWWOH�
GHIRUPDWLRQ�]RQHV��1RUWKHDVWHUQ�.HUPDQ�OLHV�DW�WKH�FRQYHUJHQFH�
RI�VHYHUDO�DFWLYH�IDXOW�]RQHV��ZKHUH�VWUHVV�DFFXPXODWLRQ�OHDGV�WR�
ORFDOL]HG� VKHDULQJ�� WHQVLRQ� IUDFWXUHV�� DQG� EORFN� URWDWLRQV�� 7KH�
WHFWRQLF� FRQWURO�RYHU� WKHVH�GHIRUPDWLRQV�GLFWDWHV� WKH� VWDELOLW\�RI�
VORSHV��IRXQGDWLRQ�FRQGLWLRQV��DQG�VXEVXUIDFH�LQWHJULW\��PDNLQJ�LW�
FUXFLDO� WR� DQDO\]H� WKHVH� IDFWRUV� IRU� HQJLQHHULQJ� DSSOLFDWLRQV��
8QGHUVWDQGLQJ�WKH�VSDWLDO�GLVWULEXWLRQ�RI�KLJK�ULVN�G\QDPLF�]RQHV�
LV� HVVHQWLDO� IRU� JHRWHFKQLFDO� DQG� XUEDQ� SODQQLQJ� SURMHFWV�� 7KLV�
NQRZOHGJH� LV� SDUWLFXODUO\� EHQHILFLDO� LQ� GHWHUPLQLQJ� WKH� VDIHVW�
ORFDWLRQV� IRU� LQIUDVWUXFWXUH� GHYHORSPHQW�� UHGXFLQJ� WKH� ULVNV�
DVVRFLDWHG� ZLWK� VHLVPLF� DFWLYLW\� DQG� JURXQG� LQVWDELOLW\�� ,Q�
JHRWHFKQLFDO GHVLJQ� UHFRJQL]LQJ WKH LQIOXHQFH RI EULWWOH�
GHIRUPDWLRQ� RQ� VRLO� DQG� URFN� PHFKDQLFV� KHOSV� LQ� RSWLPL]LQJ�
IRXQGDWLRQ� V\VWHPV� DQG� H[FDYDWLRQ� WHFKQLTXHV�� )RU� LQVWDQFH��
DUHDV DIIHFWHG E\ IDXOW�LQGXFHG IUDFWXULQJ PD\ UHTXLUH�
VSHFLDOL]HG� UHLQIRUFHPHQW� PHDVXUHV�� VXFK� DV� GHHS� IRXQGDWLRQV��
UHWDLQLQJ� VWUXFWXUHV�� DQG� JURXQG� LPSURYHPHQW� WHFKQLTXHV�� WR�
PLWLJDWH�VHWWOHPHQW�DQG�LQVWDELOLW\�LVVXHV�

Fig. 5�$�VLPSOLILHG�H[DPSOH�IRU�LQ�VLWX�VWUHVV�ILHOG�
�7ZLVV�	�0RRUHV��������

7KH SUHVHQFH RI KLJK�ULVN G\QDPLF ]RQHV DOVR KDV�
LPSOLFDWLRQV�IRU�K\GURORJ\�DQG�JURXQGZDWHU�IORZ�SDWWHUQV��)DXOW�
]RQHV� RIWHQ� DFW� DV� FRQGXLWV� RU� EDUULHUV� WR� VXEVXUIDFH� ZDWHU�
PRYHPHQW�� LQIOXHQFLQJ� WKH�GLVWULEXWLRQ�RI�DTXLIHUV�DQG�SRWHQWLDO�
IORRGLQJ�ULVNV��7ZLVV�	�0RRUHV���������,Q�QRUWKHDVWHUQ�.HUPDQ��
ZKHUH�ZDWHU�VFDUFLW\�LV�D�FRQFHUQ��XQGHUVWDQGLQJ�WKHVH�VWUXFWXUDO�
FRQWUROV� LV�YLWDO� IRU� VXVWDLQDEOH�ZDWHU� UHVRXUFH�PDQDJHPHQW� DQG�
ODQG�XVH� SODQQLQJ�� )URP� DQ� XUEDQ� GHYHORSPHQW� SHUVSHFWLYH��
LQWHJUDWLQJ� WHFWRQLF� KD]DUG� DVVHVVPHQWV� LQWR� ]RQLQJ� UHJXODWLRQV�
FDQ� VLJQLILFDQWO\� HQKDQFH� GLVDVWHU� UHVLOLHQFH�� %\� PDSSLQJ� RXW�
KLJK�ULVN� GHIRUPDWLRQ� ]RQHV�� DXWKRULWLHV� FDQ� HVWDEOLVK� EXIIHU�
]RQHV� DURXQG� DFWLYH� IDXOWV�� HQIRUFH� VWULFWHU� EXLOGLQJ� FRGHV�� DQG�
LPSOHPHQW� HDUO\� ZDUQLQJ� V\VWHPV� WR� SURWHFW� FRPPXQLWLHV� IURP�
SRWHQWLDO�JHRKD]DUGV��7KH�UROH�RI�JHRVSDWLDO�WHFKQRORJLHV��VXFK�DV�
UHPRWH� VHQVLQJ� DQG� *,6�EDVHG� PRGHOLQJ�� LV� LQYDOXDEOH� LQ�
DQDO\]LQJ� KLJK�ULVN� G\QDPLF� ]RQHV�� %\� FRPELQLQJ� VDWHOOLWH�
LPDJHU\� ZLWK� ILHOG�EDVHG� JHRORJLFDO� LQYHVWLJDWLRQV�� UHVHDUFKHUV�
FDQ� DFFXUDWHO\� GHOLQHDWH IDXOW�FRQWUROOHG GHIRUPDWLRQV� DQG�
SUHGLFW� DUHDV� RI� IXWXUH� LQVWDELOLW\�� 7KLV� DSSURDFK� HQDEOHV�
SURDFWLYH ULVN PDQDJHPHQW VWUDWHJLHV WKDW FDQ SUHYHQW�
FDWDVWURSKLF� IDLOXUHV�� $V� QRUWKHDVWHUQ� .HUPDQ� FRQWLQXHV� WR�
H[SHULHQFH� WHFWRQLF� DFWLYLW\�� FRQWLQXRXV� PRQLWRULQJ� RI� VWUHVV��
UHODWHG� GHIRUPDWLRQ� LV� QHFHVVDU\� WR� UHILQH� JHRWHFKQLFDO� PRGHOV�
DQG� LPSURYH� KD]DUG� PLWLJDWLRQ� VWUDWHJLHV�� 7KH� LQWHJUDWLRQ� RI�
JHRSK\VLFDO VXUYH\V� VWUHVV�VWUDLQ DQDO\VLV� DQG VHLVPLF�
PRQLWRULQJ QHWZRUNV ZLOO� SURYLGH� D PRUH� FRPSUHKHQVLYH�
XQGHUVWDQGLQJ� RI� WKH� HYROYLQJ� VWUHVV� UHJLPH� LQ� WKH� UHJLRQ�� 7KH�
VWXG\� DUHD� LQ� WKLV� UHVHDUFK� LV� FODVVLILHG� DV� DQ� H[WHQVLRQDO� ]RQH��
$FFRUGLQJ� WR� 6KDKDESRXU� �������� WKLV� UHJLRQ� KDV� GHYHORSHG�
ZLWKLQ� WKH� EDFN�DUF� VHWWLQJ� UHVXOWLQJ� IURP�WKH� VXEGXFWLRQ�RI� WKH�
1HRWHWK\V� 2FHDQ� EHQHDWK� WKH� ,UDQLDQ� 3ODWH�� 7KH� SUHVHQFH� RI�
QRUPDO�IDXOWV�DQG�G\NHV�ZLWKLQ�WKH�DUHD�VHUYHV�DV�VWURQJ�HYLGHQFH�
RI�WKLV�H[WHQVLRQDO�UHJLPH��7KHVH�JHRORJLFDO�VWUXFWXUHV�LQGLFDWH�D�
KLVWRU\�RI�WHQVLRQDO� IRUFHV�WKDW�KDYH�VLJQLILFDQWO\�LQIOXHQFHG� WKH�
UHJLRQ
V� JHRG\QDPLF� HYROXWLRQ� �0LU]DEDEDHL� 	� 6KDKDESRXU��
������
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Fig. 6�0DS�RI�WKH�VKHDU�]RQHV�RI�WKH�VWXG\�DUHD

:LGHVSUHDG� VKHDU� ]RQHV� DUH� REVHUYHG� WKURXJKRXW� WKH� VWXG\�
DUHD� �)LJXUH� ���� ZKLFK� KDYH� IRUPHG� GXH� WR� D� FRPELQDWLRQ� RI�
WHQVLOH� DQG� VKHDU� IUDFWXUHV�� FRPPRQO\� UHIHUUHG� WR� DV� K\EULG�
IUDFWXUHV�� 7KHVH� K\EULG� IUDFWXUHV� DUH� FKDUDFWHUL]HG� E\� REOLTXH�
GLVSODFHPHQW DORQJ WKH IUDFWXUH VXUIDFH� RFFXUULQJ XQGHU�
FRQGLWLRQV�ZKHUH� WKH�PLQLPXP�SULQFLSDO� VWUHVV� �ıၸ�� LV� OHVV� WKDQ�
WKH�QRUPDO�VWUHVV� �ıႈ��EXW�VWLOO�ZLWKLQ�D� UDQJH� WKDW�DOORZV�WHQVLOH�
IDLOXUH� WR�GRPLQDWH��ıၸ���ıႈ�������7KLV�VWUHVV�VWDWH�SURPRWHV�WKH�
IRUPDWLRQ� RI� GLODWLRQ� IDXOWV�� ZKLFK� DFFRPPRGDWH� H[WHQVLRQDO�
VWUDLQ� DQG� IDFLOLWDWH� WKH� LQWUXVLRQ� RI� PDJPD�� OHDGLQJ� WR� WKH�
GHYHORSPHQW� RI� G\NHV�� 7KH� SUHVHQFH� RI� H[WHQVLRQDO� VWUXFWXUHV�
VXFK�DV�QRUPDO� IDXOWV��G\NHV�� DQG�K\EULG� IUDFWXUHV� VXJJHVWV� WKDW�
WKH�VWXG\�DUHD�KDV�XQGHUJRQH�VLJQLILFDQW�WHFWRQLF�VWUHWFKLQJ��7KLV�
H[WHQVLRQDO� UHJLPH� LV� D� GLUHFW� UHVXOW� RI� WKH� UHJLRQDO� WHFWRQLF�
IRUFHV�DFWLQJ� LQ� WKH� DIWHUPDWK�RI� WKH�1HRWHWK\V�VXEGXFWLRQ��7KH�
PRYHPHQW� DORQJ� WKHVH� VWUXFWXUHV� QRW� RQO\� FRQWULEXWHV� WR� WKH�
RYHUDOO�GHIRUPDWLRQ�SDWWHUQ�RI� WKH�UHJLRQ�EXW�DOVR� LQIOXHQFHV�WKH�
PHFKDQLFDO�SURSHUWLHV�RI�WKH�URFN�PDVV��DIIHFWLQJ�LWV�VWDELOLW\�DQG�
EHKDYLRU�XQGHU�VWUHVV�FRQGLWLRQV��)LJXUH�����,Q�DGGLWLRQ�WR�QRUPDO�
IDXOWLQJ�� WKH�H[WHQVLYH�VKHDU� IUDFWXUHV�LQ�WKH�UHJLRQ�KLJKOLJKW� WKH�
SURJUHVVLYH� GHIRUPDWLRQ� WKDW� KDV� WDNHQ� SODFH� RYHU� JHRORJLFDO�
WLPH��7KHVH�VKHDU�VWUXFWXUHV�DUH�FRPPRQO\�DVVRFLDWHG�ZLWK�]RQHV�
RI� KLJK� VWUDLQ� FRQFHQWUDWLRQ�� ZKHUH� WKH� FRPELQHG� HIIHFWV� RI�
FRPSUHVVLYH DQG H[WHQVLRQDO VWUHVVHV OHDG WR FRPSOH[�
GHIRUPDWLRQ� SDWWHUQV�� 7KH� K\EULG� QDWXUH� RI� WKHVH� IUDFWXUHV�
VXJJHVWV� D� WUDQVLWLRQDO� VWUHVV� UHJLPH� ZKHUH� ERWK� EULWWOH� DQG�
GXFWLOH� GHIRUPDWLRQ� PHFKDQLVPV� LQWHUDFW�� IXUWKHU� FRPSOLFDWLQJ�
WKH�UHJLRQ¶V�VWUXFWXUDO�HYROXWLRQ�

Fig. 7�0DS�RI�WKH�VWXGLHG�UHJLRQ
V�PDLQ�IDXOWV

8QGHUVWDQGLQJ� WKH� GLVWULEXWLRQ� DQG� RULHQWDWLRQ� RI� WKHVH�
WHFWRQLF� IHDWXUHV� LV� FUXFLDO� IRU� VHYHUDO� DSSOLFDWLRQV�� LQFOXGLQJ�
JHRWHFKQLFDO� HQJLQHHULQJ�� UHVRXUFH� H[SORUDWLRQ�� DQG� VHLVPLF�
KD]DUG� DVVHVVPHQW�� 7KH� IRUPDWLRQ� RI� GLODWLRQ� IDXOWV� DQG� K\EULG�
IUDFWXUHV� FDQ� FUHDWH� ZHDN� ]RQHV� ZLWKLQ� WKH� URFN� PDVV�� PDNLQJ�
FHUWDLQ� DUHDV� PRUH� VXVFHSWLEOH� WR� ODQGVOLGHV�� URFNIDOOV�� DQG�
JURXQG� VXEVLGHQFH��0RUHRYHU�� WKHVH� VWUXFWXUHV� FDQ� DFW� DV� IOXLG�
SDWKZD\V��LQIOXHQFLQJ�JURXQGZDWHU�PRYHPHQW�DQG�WKH�IRUPDWLRQ�
RI� PLQHUDO� GHSRVLWV� LQ� WKH� UHJLRQ�� 7KH� VWXG\� RI� WKHVH� KLJK�ULVN�
G\QDPLF� ]RQHV� LV� SDUWLFXODUO\� LPSRUWDQW� IRU� LQIUDVWUXFWXUH�
GHYHORSPHQW�� DV� LGHQWLI\LQJ� UHJLRQV� ZLWK� LQWHQVH� H[WHQVLRQDO�
GHIRUPDWLRQ� FDQ� KHOS� HQJLQHHUV� GHVLJQ� VDIHU� IRXQGDWLRQV� DQG�
PRUH�UHVLOLHQW�VWUXFWXUHV��)XUWKHUPRUH�� WKH� LQWHUDFWLRQ�RI�QRUPDO�
IDXOWLQJ� DQG� VKHDU� IUDFWXULQJ� SOD\V� D� VLJQLILFDQW� UROH� LQ� WKH�
VHLVPLF�DFWLYLW\�RI� WKH�UHJLRQ��PDNLQJ�LW�HVVHQWLDO� WR� LQFRUSRUDWH�
WHFWRQLF� DQDO\VHV� LQWR� XUEDQ� SODQQLQJ� DQG� GLVDVWHU�PDQDJHPHQW�
VWUDWHJLHV�

,9� .,1(0$7,&�675(66�$1$/<6,6�)25�1257+($67(51�
.(50$1�

7KH� VWXG\� DUHD�� FRYHULQJ� DSSUR[LPDWHO\� ��� NP��� LV� LQ� WKH�
QRUWKHDVWHUQ� SDUW� RI� .HUPDQ� 3URYLQFH�� 7KLV� UHJLRQ� IHDWXUHV�
H[WHQVLYH�RXWFURSV�RI�&UHWDFHRXV�DJHG�OLPHVWRQHV�ZLWK�D�GLYHUVH�
OLWKRORJLFDO� VHTXHQFH�� 7KH� H[SRVHG� URFN� XQLWV� SULPDULO\� FRQVLVW�
RI�VDQG\�PDUO�OLPHVWRQHV��PDUO�OLPHVWRQHV��ELRFODVWLF�OLPHVWRQHV��
GHWULWDO�ELRFODVWLF�OLPHVWRQHV��PLFULWLF�OLPHVWRQHV��DQG�PDUOV��2QH
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RI� WKH�PRVW� SURPLQHQW� VWUXFWXUDO� IHDWXUHV� LQ� WKHVH� OLPHVWRQHV� LV�
WKH�SUHVHQFH�RI�IDXOW�V\VWHPV�H[KLELWLQJ�ERWK�QRUPDO�DQG�VWULNH��
VOLS� NLQHPDWLFV�� ZKLFK� KDYH� SOD\HG� D� NH\� UROH� LQ� VKDSLQJ� WKH�
UHJLRQ¶V� JHRORJLFDO� IUDPHZRUN�� 'HWDLOHG� VWUXFWXUDO� DQDO\VHV�
LQGLFDWH� WKDW� VWULNH�VOLS� IDXOWV� DUH�\RXQJHU� WKDQ� QRUPDO� IDXOWV� LQ�
WKLV� UHJLRQ�� 7KH� DYHUDJH� GLS� RI� IDXOWHG� OD\HUV� SURYLGHV� IXUWKHU�
HYLGHQFH�RI�WKLV�FKURQRORJLFDO�UHODWLRQVKLS��ZLWK�VWULNH�VOLS�IDXOWV�
VKRZLQJ� DQ� DYHUDJH� GLS� RI� ��� GHJUHHV�� ZKHUHDV� QRUPDO� IDXOWV�
H[KLELW�D�VWHHSHU�GLS�RI������GHJUHHV��$PRQJ�WKH�VXUYH\HG�IDXOWV��
��� QRUPDO� IDXOWV� ZLWK� GLVWLQFW� VOLFNHQOLQHV� DQG� ��� ZHOO�GHILQHG�
VWULNH�VOLS� IDXOWV� ZHUH� VHOHFWHG� IRU� SDOHRVWUHVV� DQDO\VLV�� 7KHVH�
IDXOWV�ZHUH�FKRVHQ�EDVHG�RQ�WKHLU�KLJK�TXDOLW\�VOLS�LQGLFDWRUV�DQG�
RSWLPDO�PHFKDQLFDO�FRQGLWLRQV��HQVXULQJ�UHOLDEOH�UHVXOWV��)LJXUHV�
�� DQG� ���� 7R� PLQLPL]H� XQFHUWDLQWLHV� LQ� IDXOW� NLQHPDWLFV�� RQO\�
IDXOWV�ZLWK�FOHDU�VOLS�LQGLFDWRUV��VXFK�DV�IDXOW�VWHSV��VWULDWLRQV��DQG�
DVVRFLDWHG� VHFRQGDU\� IUDFWXUHV�� ZHUH� LQFRUSRUDWHG� LQWR� WKH� ILQDO�
VWUHVV�DQDO\VLV��3DOHRVWUHVV�DQDO\VLV�VHUYHV�DV�D�IXQGDPHQWDO� WRRO�
IRU� XQGHUVWDQGLQJ� WKH� VWUXFWXUDO� HYROXWLRQ� RI� WHFWRQLFDOO\� DFWLYH�
UHJLRQV��SDUWLFXODUO\�LQ�DUHDV�DIIHFWHG�E\�EULWWOH�GHIRUPDWLRQ��7KLV�
PHWKRG� LV� HVSHFLDOO\� YDOXDEOH� LQ� GHFLSKHULQJ� FRPSOH[� IDXOW�
QHWZRUNV�� ZKHUH� PXOWLSOH� VWUHVV� SKDVHV� KDYH� LQIOXHQFHG� IDXOW�
DFWLYLW\�RYHU� WLPH��7KH�SULPDU\�REMHFWLYH�RI�SDOHRVWUHVV�DQDO\VLV�
LV� WR� UHFRQVWUXFW� WKH� VWUHVV� WHQVRU� UHVSRQVLEOH� IRU� IDXOW� VOLS�� D�
SURFHVV�FRPPRQO\�UHIHUUHG�WR�DV�WKH�LQYHUVH�SUREOHP�

Fig. 8�6WHUHRJUDSKLF�JUDSK�RI�IDXOWV�LQ�WKH�VWXG\�DUHD

Fig. 9�5RVH�GLDJUDPV�RI�VKHDU�]RQHV�ZLWK�IDXOWV�LQ�WKH�VWXG\�DUHD

7R� GHWHUPLQH� WKH� RULHQWDWLRQ� RI� VOLS� YHFWRUV�� WZR� FULWLFDO�
IDFWRUV�DUH�FRQVLGHUHG��WKH�RULHQWDWLRQ�RI�WKH�SULQFLSDO�VWUHVV�D[HV�
DQG� WKH� JHRPHWULF� VKDSH� RI� WKH� VWUHVV� HOOLSVRLG�� $FFRUGLQJ� WR�
$QGHUVRQ
V�WKHRU\�RI�IDXOWLQJ��WKH�UHODWLYH�SRVLWLRQLQJ�RI�WKH�WKUHH�
SULQFLSDO�VWUHVV�D[HV��ıၶ��ıၷ��DQG�ıၸ��GLFWDWHV�WKH�IDXOWLQJ�UHJLPH��
,I� ıၶ� �PD[LPXP� SULQFLSDO� VWUHVV�� LV� YHUWLFDO�� QRUPDO� IDXOWLQJ�
RFFXUV�� LI� ıၷ� �LQWHUPHGLDWH� VWUHVV�� LV� YHUWLFDO�� VWULNH�VOLS� IDXOWLQJ�
RFFXUV�� DQG� LI�ıၸ� �PLQLPXP�SULQFLSDO� VWUHVV�� LV� YHUWLFDO�� UHYHUVH�
IDXOWLQJ�GRPLQDWHV��7ZLVV�	�0RRUHV���������6HYHUDO�UHVHDUFKHUV�
DUJXH�WKDW�RQH�RI�WKH�SULQFLSDO�VWUHVV�D[HV�PXVW�DOZD\V�EH�YHUWLFDO�
GXULQJ�IDXOW�DFWLYLW\��%DVHG�RQ�WKLV�DVVXPSWLRQ��LQ�WKH�VWXG\�DUHD��
ıၶ�LV�FRQVLGHUHG�YHUWLFDO�IRU�QRUPDO�IDXOWV��ZKLOH�ıၷ�LV�DVVXPHG�WR�
EH�YHUWLFDO� IRU� VWULNH�VOLS� IDXOWV��7R�JDLQ�D�PRUH�FRPSUHKHQVLYH�
XQGHUVWDQGLQJ�RI�WKH�UHJLRQDO�VWUHVV�ILHOG��DOO�IDXOW�VOLS�GDWD�ZHUH�
SORWWHG�RQ�VWHUHRQHWV��HQVXULQJ�WKDW�IRU�QRUPDO�IDXOWV��ıၶ�LV�SODFHG�
DW�WKH�VWHUHRQHW�FHQWHU��ZKLOH�IRU�VWULNH�VOLS�IDXOWV��ıၷ�LV�SRVLWLRQHG�
DW�WKH�FHQWHU��

7KH�RULHQWDWLRQ�DQG�HOOLSWLFDO�VKDSH�RI�WKH�UHJLRQDO�VWUHVV�ILHOG�
H[HUW� VLJQLILFDQW� FRQWURO� RYHU� WKH� W\SH�� VSDWLDO� GLVWULEXWLRQ�� DQG�
VOLS�GLUHFWLRQ�RI�IDXOWV�LQ�WKH�VWXG\�DUHD��$V�SURSRVHG�E\�$QJHOLHU�
�������� VWUHVV� ILHOG� JHRPHWU\� GLFWDWHV� IDXOW� GHYHORSPHQW� DQG�
NLQHPDWLFV�� LQIOXHQFLQJ�KRZ� IDXOWV� SURSDJDWH�DQG�DFFRPPRGDWH�
VWUDLQ��7KH�SURFHVV�RI�GHWHUPLQLQJ�WKH�UHJLRQDO�VWUHVV� ILHOG� IURP�
IDXOW�VOLS� GDWD� LV� NQRZQ� DV� VWUHVV� LQYHUVLRQ�� ZKLFK� KHOSV�
UHFRQVWUXFW�WKH�WHFWRQLF�KLVWRU\�RI�DQ�DUHD��7KH�ILQGLQJV�IURP�WKLV�
VWXG\�FRQWULEXWH�WR�D�GHHSHU�XQGHUVWDQGLQJ�RI�WKH�WHFWRQLF�IRUFHV�
VKDSLQJ�QRUWKHDVWHUQ�.HUPDQ�



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

2QH�RI�WKH�NH\�IDFWRUV�LQIOXHQFLQJ�SDOHRVWUHVV�DQDO\VLV�LV�WKH�
IULFWLRQ� DQJOH� ��ࢥ� RI� WKH� URFN�PDVV� GXULQJ� IDXOW� V\VWHP�DFWLYLW\�
ZKHUH�PDLQ�YDOXH�LQ�JHRWHFKQLFDO�GHVLJQV��,Q�WKLV�VWXG\�� WKH�5��
JUDSK� PHWKRG� DQG� WKH� IDXOW� SODQH� DQDO\VLV� PHWKRG� ZHUH�
HPSOR\HG� WR� GHWHUPLQH� WKLV� DQJOH�� 7KH� IROORZLQJ� VHFWLRQV�
SURYLGH� D� GHWDLOHG� H[SODQDWLRQ� RI� WKHVH� PHWKRGV�� ,Q� 5��
DSSURDFK��VHOHFWHG�IULFWLRQ�DQJOHV�DUH�SORWWHG�RQ�WKH�[�D[LV��ZKLOH�
5�� YDOXHV� DUH� SORWWHG� RQ� WKH� \�D[LV�� %\� DQDO\]LQJ� WKH� QRUPDO�
IDXOWV� LQ� WKH� VWXG\� DUHD�� WZR� FULWLFDO� DQJOHV� ZHUH� REWDLQHG�� ���
GHJUHHV� DW� WKH�PD[LPXP�SRLQW� DQG� ��� GHJUHHV� DW� WKH�PLQLPXP�
SRLQW� RI� WKH� JUDSK�� $FFRUGLQJ� WR� 0DULQ� HW� DO�� �������� WKH�
PD[LPXP�SRLQW�RI�WKH�5��JUDSK�UHSUHVHQWV� WKH� LQWHUQDO� IULFWLRQ�
DQJOH�RI�WKH�URFN�PDVV�DW�WKH�WLPH�RI�IDXOW�V\VWHP�DFWLYLW\��%DVHG�
RQ�WKLV��WKH����GHJUHH�DQJOH�ZDV�VHOHFWHG�DV�WKH�LQWHUQDO�IULFWLRQ�
DQJOH�IRU�WKH�URFN�PDVV�LQ�WKH�VWXG\�DUHD��)LJXUH���D���6LPLODUO\��
IRU� VWULNH�VOLS� IDXOWV�� WKH� 5��PHWKRG� \LHOGHG� ��� GHJUHHV� DW� WKH�
PD[LPXP� SRLQW� DQG� ��� GHJUHHV� DW� WKH� PLQLPXP� SRLQW�� $V� D�
UHVXOW�� WKH� ���GHJUHH� DQJOH� ZDV� DGRSWHG� DV� WKH� LQWHUQDO� IULFWLRQ�
DQJOH�RI�WKH�URFN�PDVV�GXULQJ�IDXOWLQJ��FRQILUPLQJ�LWV�FRQVLVWHQF\�
DFURVV�GLIIHUHQW�IDXOW� W\SHV��)LJXUH���E���7KHVH�ILQGLQJV�SURYLGH�
FULWLFDO�LQVLJKWV� LQWR� IDXOW�PHFKDQLFV�DQG�VWUHVV�FRQGLWLRQV�DW�WKH�
WLPH� RI� IDXOW� DFWLYDWLRQ�� DLGLQJ� LQ� WKH� EURDGHU� XQGHUVWDQGLQJ� RI�
WHFWRQLF� SURFHVVHV� DQG� JHRPHFKDQLFDO� SURSHUWLHV� RI� WKH� VWXG\�
DUHD�

Fig. 10�9DULDWLRQV�LQ�WKH�IULFWLRQ�DQJOH�ZLWK�5����D��QRUPDO���E��VWULNH��
VOLS�IDXOWV

8QGHUVWDQGLQJ�WKH�RULHQWDWLRQ�RI�FRPSUHVVLRQ��3��DQG�WHQVLRQ�
�7�� D[HV� LV� HVVHQWLDO� IRU� UHFRQVWUXFWLQJ� WKH�SDOHRVWUHVV� ILHOG� DQG�
DQDO\]LQJ� WKH� NLQHPDWLF� EHKDYLRU� RI� IDXOWV�� ,Q� WKH� QRUWKHDVWHUQ�
.HUPDQ� UHJLRQ�� ZKHUH� ERWK� QRUPDO� DQG� VWULNH�VOLS� IDXOWV� DUH�
SUHVHQW��LGHQWLI\LQJ�WKHVH�D[HV�SURYLGHV�YDOXDEOH�LQVLJKWV�LQWR�WKH�
WHFWRQLF�IRUFHV�JRYHUQLQJ�WKH�UHJLRQ��7KH�UHVXOWV�RI�WKLV�DQDO\VLV�
DUH� LOOXVWUDWHG� LQ� )LJXUH� ���� ZKLFK� SUHVHQWV� VWHUHRJUDSKLF�
SURMHFWLRQV� RI� WKH� 3� DQG� 7� D[HV� IRU� QRUPDO� DQG� VWULNH�VOLS�
IDXOWLQJ��7KH�3�D[LV�UHSUHVHQWV�WKH�GLUHFWLRQ�RI�ı���ZKHUHDV�WKH�7��
D[LV�FRUUHVSRQGV�WR�WKH�ı���7KHVH�D[HV�DUH�GHWHUPLQHG�XVLQJ�IDXOW�
VOLS� DQDO\VLV�� ZKHUH� WKH� RULHQWDWLRQ� RI� IDXOW� SODQHV� DQG� WKH�
GLUHFWLRQ�RI� VOLS� DUH�XVHG� WR�GHULYH� WKH� VWUHVV� WHQVRU� UHVSRQVLEOH�
IRU�IDXOWLQJ��%\�PDSSLQJ�WKHVH�D[HV��WKH�SUHYDLOLQJ�VWUHVV�UHJLPHV�
LQ�WKH�VWXG\�DUHD�FDQ�EH�EHWWHU�XQGHUVWRRG��

7KH� ILUVW� VWHS� LQ� WKLV� DQDO\VLV� LQYROYHG� FROOHFWLQJ� IDXOW� VOLS�
GDWD� IURP� H[WHQVLYH� ILHOG� VXUYH\V�� 0HDVXUHPHQWV� ZHUH� WDNHQ�
IURP�IDXOW�SODQHV��VOLFNHQOLQHV��DQG�IDXOW�UHODWHG�VWUXFWXUHV��ZLWK�D�
IRFXV� RQ� GHWHUPLQLQJ� VKHDU� VWUHVV� RULHQWDWLRQV�� 7KH� GDWD� ZHUH�
WKHQ� SORWWHG� RQ� D� ORZHU� KHPLVSKHUH� HTXDO�DUHD� VWHUHRQHW��
DOORZLQJ� IRU� WKH� LGHQWLILFDWLRQ� RI� WKH� SULQFLSDO� VWUHVV� GLUHFWLRQV��
)RU� QRUPDO� IDXOWV�� WKH� 7�D[LV� LV� W\SLFDOO\� RULHQWHG� YHUWLFDOO\��
FRUUHVSRQGLQJ� WR� WKH� GLUHFWLRQ� RI� ı��� 7KH� 3�D[LV�� RQ� WKH� RWKHU�
KDQG�� OLHV� ZLWKLQ� WKH� KRUL]RQWDO� SODQH�� SHUSHQGLFXODU� WR� WKH�
H[WHQVLRQ� GLUHFWLRQ�� 7KH� VWHUHRJUDSKLF� SURMHFWLRQV� SUHVHQWHG� LQ�
)LJXUH� ��D� FRQILUP� D� FRQVLVWHQW� H[WHQVLRQDO� WUHQG� DFURVV� WKH�
UHJLRQ�� LQGLFDWLQJ� WKDW� QRUPDO� IDXOWLQJ� LV� FRQWUROOHG� E\� FUXVWDO�
H[WHQVLRQ�IRUFHV��,Q�FRQWUDVW��VWULNH�VOLS�IDXOWV�H[KLELW�D�GLIIHUHQW�
VWUHVV� GLVWULEXWLRQ�� )RU� WKHVH� IDXOWV�� WKH� 3�D[LV� OLHV� LQ� WKH�
KRUL]RQWDO� SODQH�� DOLJQHG� ZLWK� WKH� ı��� ZKLOH� WKH� 7�D[LV� LV� DOVR�
KRUL]RQWDO�� DOLJQHG� ZLWK� WKH� ı��� 7KLV� SDWWHUQ� VXJJHVWV� D� VKHDU��
GRPLQDWHG� VWUHVV� UHJLPH�� ZKLFK� LV� FOHDUO\� UHIOHFWHG� LQ� WKH�
GLVWULEXWLRQ�RI�VWULNH�VOLS�IDXOW�3�DQG�7�D[HV�LQ�)LJXUH���E��

7KH� RULHQWDWLRQ� RI� WKHVH� D[HV� KDV� VLJQLILFDQW� WHFWRQLF�
LPSOLFDWLRQV��7KH�REVHUYHG�QRUPDO�IDXOWV�VXJJHVW�WKDW�WKH�UHJLRQ�
KDV�H[SHULHQFHG�DFWLYH�FUXVWDO�H[WHQVLRQ��SRVVLEO\�OLQNHG�WR�SRVW��
FROOLVLRQDO�WHFWRQLF�UHOD[DWLRQ��0HDQZKLOH��WKH�SUHVHQFH�RI�VWULNH��
VOLS� IDXOWV� LQGLFDWHV� D� VHFRQGDU\� VWUHVV� UHJLPH�� DVVRFLDWHG� ZLWK�
ODWHUDO� GLVSODFHPHQW� DORQJ�PDMRU� IDXOW� ]RQHV�� 7KLV� FRPELQDWLRQ�
RI� H[WHQVLRQDO� DQG� VKHDU� VWUHVV� ILHOGV� KLJKOLJKWV� WKH� FRPSOH[�
WHFWRQLF�HYROXWLRQ�RI� WKH�UHJLRQ��$�FRPSDULVRQ�RI�WKH�GHULYHG�3�
DQG� 7� D[HV� ZLWK� UHJLRQDO� VWUHVV� PRGHOV� UHYHDOV� D� VWURQJ�
FRUUHODWLRQ�EHWZHHQ�WKH�QRUWKHDVWHUQ�.HUPDQ�VWUHVV�ILHOG�DQG�WKH�
EURDGHU� WHFWRQLF� IUDPHZRUN� RI� FHQWUDO� ,UDQ��7KH� UHVXOWV� VXJJHVW�
WKDW� WKH� UHJLRQ� LV� FXUUHQWO\� LQIOXHQFHG�E\�D�1:�6(�H[WHQVLRQDO�
UHJLPH��VXSHULPSRVHG�E\�ORFDOL]HG�WUDQVSUHVVLRQDO�IRUFHV��7KHVH�
ILQGLQJV�DOLJQ�ZLWK�SUHYLRXV�VWXGLHV��UHLQIRUFLQJ�WKH�LGHD�WKDW�WKH�
DUHD� LV� XQGHUJRLQJ� SURJUHVVLYH� GHIRUPDWLRQ� GXH� WR� RQJRLQJ�
WHFWRQLF� DFWLYLW\�� 7KH� SUHFLVH� GHWHUPLQDWLRQ� RI� 3� DQG� 7� D[HV� LV�
FUXFLDO� IRU� XQGHUVWDQGLQJ� IDXOW� PHFKDQLFV� DQG� DVVHVVLQJ� WKH�
VHLVPLF� SRWHQWLDO� RI� WKH� UHJLRQ�� 7KH� DELOLW\� WR� UHFRQVWUXFW� WKH�
SDOHRVWUHVV ILHOG DOORZV IRU EHWWHU SUHGLFWLRQV RI IDXOW�
UHDFWLYDWLRQ��ZKLFK� LV�YLWDO� IRU� XUEDQ�SODQQLQJ�DQG� JHRWHFKQLFDO�
SURMHFWV�LQ�WKH�DUHD��6R��WKH�DQDO\VLV�RI�FRPSUHVVLRQ�DQG�WHQVLRQ�
D[HV� LQ� WKH� QRUWKHDVWHUQ�.HUPDQ� UHJLRQ� SURYLGHV� HVVHQWLDO� GDWD�
RQ� WKH� UHJLRQDO� VWUHVV� UHJLPH� DQG� IDXOW� NLQHPDWLFV�� 7KH� UHVXOWV��
LOOXVWUDWHG� LQ� )LJXUH� ���� FRQILUP� WKH� FRH[LVWHQFH� RI� QRUPDO� DQG�
VWULNH�VOLS� IDXOWLQJ�� ZLWK� GLVWLQFW� VWUHVV� RULHQWDWLRQV� JRYHUQLQJ�
HDFK�IDXOW�W\SH�
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$OO� IDXOWV� WKDW� VKDUH� WKH� VDPH� FRPSRQHQWV� LQ� WKH� IRXU��
GLPHQVLRQDO�VSDFH�RI�WKH�UHGXFHG�VWUHVV�WHQVRU�FDQ�EH�FRQVLGHUHG�
DV� SDUW� RI� D� VLQJOH� VWUHVV� SKDVH�� ,Q� RWKHU� ZRUGV�� ZKHQ� WKH�
SULQFLSDO� VWUHVV�D[HV�DQG� WKH� VWUHVV� ILHOG� VKDSH� IRUP�D� FOXVWHUHG�
GLVWULEXWLRQ� LQ� WKH� IRXU�GLPHQVLRQDO� WHQVRU� VSDFH�� WKH\� DUH�
UHJDUGHG� DV� EHORQJLQJ� WR� D� GLVWLQFW� SKDVH� RI� VWUHVV�� )DXOW� VHWV�
REVHUYHG�LQ�WKH�ILHOG�RIWHQ�H[SHULHQFH�PXOWLSOH�VWUHVV�SKDVHV�RYHU�
WLPH�� 7KLV� UHVXOWV� LQ� KHWHURJHQHRXV� GDWDVHWV�� QHFHVVLWDWLQJ� D�
PHWKRG� IRU� GLIIHUHQWLDWLQJ� VWUHVV� SKDVHV�� ,I� D� FROOHFWHG� IDXOW�
GDWDVHW� FRQVLVWV� RI� 1� IDXOWV� DQG� QHHGV� WR� EH� GLYLGHG� LQWR� .�
VXEVHWV� WKH QXPEHU RI SRVVLEOH VROXWLRQV IROORZV WKH�
FRPELQDWRULDO�HTXDWLRQ��<DPDML��������
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,QLWLDOO\�� IDXOW�VOLS� GDWD� DUH� DQDO\]HG� XVLQJ� D� VHOHFWHG� VWUHVV�
LQYHUVLRQ�PHWKRG�WR�GHWHUPLQH�WKH�SULQFLSDO�VWUHVV�D[HV�DQG�VWUHVV�
ILHOG� VKDSH�� 'DWD� SRLQWV� WKDW� H[KLELW� D� FOXVWHUHG� SDWWHUQ� DUH�
LGHQWLILHG�DV�D�VXEJURXS�UHSUHVHQWLQJ�D�GLVWLQFW�VWUHVV�SKDVH�DQG�
DUH� VHSDUDWHG� IURP� WKH� UHPDLQLQJ� GDWDVHW�� 7R� VLPXOWDQHRXVO\�
FRQVLGHU�ERWK�VWUHVV�D[LV�RULHQWDWLRQ�DQG�ILHOG�VKDSH��WKH�VROXWLRQV�
DUH�YLVXDOL]HG�DV�EDU�V\PEROV�RQ�WZR�VWHUHRQHWV��XVLQJ�WKH�YLVLEOH�
1HZWRQLDQ� FRORU� VSHFWUXP��<DPDML�� ������� ,Q� WKLV�YLVXDOL]DWLRQ�
PHWKRG��WKH�FOXVWHUHG�GDWD�SRLQWV�RQ�WKH�OHIW�VWHUHRQHW�LQGLFDWH�WKH�
SRVLWLRQ�RI�ıၶ��PD[LPXP�SULQFLSDO�VWUHVV�D[LV���6LPXOWDQHRXVO\��D�
JUHDW� FLUFOH� DSSHDUV� RQ� WKH� ULJKW� VWHUHRQHW�� ZKHUH� V\PEROV�
PDWFKLQJ� WKH� FRORU� RI� WKH� ILUVW� VWHUHRQHW� FRQFHQWUDWH� WR� LQGLFDWH�
WKH�ORFDWLRQ�RI�ıၸ��

6LQFH� WKH�VWUHVV�VKDSH�UDWLR��ĭ��YDULHV�EHWZHHQ���DQG���� WKLV�
UDQJH� LV�GLYLGHG�LQWR����HTXDO� LQWHUYDOV��HDFK�UHSUHVHQWLQJ�D�����
LQFUHPHQW� LQ� ĭ�� 'LIIHUHQW� FRORUV� FRUUHVSRQG� WR� GLIIHUHQW� VWUHVV�
ILHOG�VKDSHV��

� 3XUSOH� UHSUHVHQWV� ĭ�  � ��� FRUUHVSRQGLQJ� WR� D� SURODWH�
�FLJDU�VKDSHG��HOOLSVRLG��

� 5HG�UHSUHVHQWV�ĭ� ����FRUUHVSRQGLQJ�WR�DQ�REODWH��GLVN��
VKDSHG��HOOLSVRLG��

,Q� WKH� VWXG\�DUHD�� WKLV�PHWKRG�ZDV� DSSOLHG� WR�GHWHUPLQH� WKH�
RULHQWDWLRQ� RI� SULQFLSDO� VWUHVV� D[HV� DQG� WKH� VKDSH� RI� WKH� VWUHVV�
ILHOG�� 7KH� UHVXOWV�� LOOXVWUDWHG� LQ� )LJXUH� ���� SURYLGH� D� GHWDLOHG�
UHSUHVHQWDWLRQ�RI�WKH�VWUHVV�UHJLPH�YDULDWLRQV� LQ� WKH�UHJLRQ��7KLV�
WHFKQLTXH� DOORZV� IRU� D� FRPSUHKHQVLYH� XQGHUVWDQGLQJ� RI� IDXOW�
NLQHPDWLFV��DLGLQJ�LQ�WKH�LQWHUSUHWDWLRQ�RI�WHFWRQLF�HYROXWLRQ�DQG�
JHRPHFKDQLFDO�VWDELOLW\��

,Q�SDOHRVWUHVV�DQDO\VLV��WKH�VKDSH�RI�WKH�VWUHVV�HOOLSVRLG�FDQ�EH�
GHWHUPLQHG� XVLQJ� WKH� GLUHFW� LQYHUVLRQ� PHWKRG� ZLWK� XQVFDOHG�
0RKU� FLUFOHV�� 7KHVH� FLUFOHV� UHSUHVHQW� WKH� UHODWLYH� QRUPDO� DQG�
VKHDU� VWUHVVHV� FDOFXODWHG� IURP� WKH� VWUHVV� WHQVRU� IRU� HDFK� IDXOW�
SODQH�� ZLWKRXW� VKRZLQJ� WKH� DEVROXWH� YDOXHV� RI� WKH� SULQFLSDO�
VWUHVVHV�� 7KH� GLVWDQFH� EHWZHHQ� WKH� VWUHVV� D[HV� �ıၶ� DQG� ıၸ�� LV�
DUELWUDU\�� EXW� WKH� UDWLR� RI� VWUHVV� GLIIHUHQFHV� LV� GLVSOD\HG�� 7KH�
UHODWLYH� SRVLWLRQV� RI� 0RKU� FLUFOHV� DUH� XVHG� WR� FDOFXODWH� VKHDU�
VWUHVV� IRU� HDFK� IDXOW� SODQH�� DQG� WKHVH� FLUFOHV� UHSUHVHQW� WKH�
HTXLYDOHQW�HOOLSVRLG��)RU�WKLV�VWXG\��0RKU�FLUFOHV�ZHUH�GUDZQ�IRU�
QRUPDO� DQG� VWULNH�VOLS� IDXOWV�� DVVXPLQJ� D� ���GHJUHH� IULFWLRQ�
DQJOH��)RU�QRUPDO�IDXOWV�� WKH�VKDSH�IDFWRU��5� �������LQGLFDWHV�D�
IODW�VWUHVV�HOOLSVRLG��ZLWK�D�VHFRQG�W\SH�HOOLSVRLG�VKDSH��

6RPH� GDWD� SRLQWV� ZHUH� ORFDWHG� DW� WKH� LQWHUVHFWLRQ� RI� WKH�
YHUWLFDO�OLQH�SDVVLQJ�WKURXJK�ı� ZLWK� WKH�ı��ı�� SODQH��VXJJHVWLQJ� �

FRQMXJDWH�VKHDU�SODQHV��)RU�VWULNH�VOLS�IDXOWV��WKH�VKDSH�IDFWRU��5�
 � ������ DOVR� LQGLFDWHG� D� IODW�� VHFRQG�W\SH� HOOLSVRLG��0DQ\� GDWD�
SRLQWV�LQWHUVHFWHG�DW�WKH�VDPH�ORFDWLRQ��LQGLFDWLQJ�FRQMXJDWH�VKHDU�
SODQHV��8VLQJ�WKH�OLQHDWLRQ�DQG�:DUUHQ�PHWKRGV��WKH�VWUHVV�ILHOG�
VKDSH� ZDV� IRXQG� WR� EH� SURODWH� LQ� ERWK� QRUPDO� DQG� VWULNH�VOLS�
IDXOWLQJ� SHULRGV�� 7KH� DQDO\VLV� RI� WKH� VWXG\� DUHD� UHYHDOHG� WKDW�
QRUPDO� IDXOWLQJ� VKRZHG� D� QHDU�YHUWLFDO� PD[LPXP� FRPSUHVVLYH�
VWUHVV� DQG� D� KRUL]RQWDO� PLQLPXP� FRPSUHVVLYH� VWUHVV� DW� 1:�
RULHQWDWLRQ�� ,Q� VWULNH�VOLS� IDXOWLQJ�� WKH� PD[LPXP� FRPSUHVVLYH�
VWUHVV�ZDV�DW�66(�RULHQWDWLRQ��DQG�WKH�VPDOOHVW�FRPSUHVVLYH�VWUHVV�
ZDV� DW� 1:� RULHQWDWLRQ�� ZLWK� ERWK� KDYLQJ� D� GLS� RI� ]HUR�� 7KH�
UHVXOWV� FRQILUPHG� WKDW� WKH� VWUHVV� ILHOG� VKDSH� LV� SURODWH�� DQG� WKH�
UHJLRQ�KDV�H[SHULHQFHG�PXOWLSOH�VWUHVV�SKDVHV�
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%DVHG�RQ�WKH�ILQGLQJV�RI�WKLV�VWXG\�� LW�FDQ�EH�FRQFOXGHG�WKDW�

WKH� SDOHRVWUHVV� DQDO\VLV� LQ� WKH� QRUWKHDVWHUQ� .HUPDQ� UHJLRQ�
UHYHDOV�FRPSOH[�WHFWRQLF�LQWHUDFWLRQV��GRPLQDWHG�E\�ERWK�QRUPDO�
DQG�VWULNH�VOLS�IDXOWLQJ��7KH�UHJLRQ
V�VWUXFWXUDO�IHDWXUHV��LQFOXGLQJ�
IDXOW� V\VWHPV� DQG� WKH� UHVXOWLQJ� PRUSKRORJLHV�� DUH� VWURQJO\�
LQIOXHQFHG� E\� WKH� UHJLRQDO� VWUHVV� ILHOG�� ZKLFK� LV� SULPDULO\�
FRQWUROOHG�E\�WHFWRQLF�IRUFHV��7KH�GHWHUPLQDWLRQ�RI�VWUHVV�WHQVRU�
FRPSRQHQWV� DQG� WKH� XVH� RI� PHWKRGV� VXFK� DV�0RKU� FLUFOHV� DQG�
LQYHUVLRQ� WHFKQLTXHV� KDYH� SURYLGHG� YDOXDEOH� LQVLJKWV� LQWR� WKH�
VWUHVV� ILHOG� DQG� IDXOWLQJ� PHFKDQLVPV� LQ� WKLV� DUHD�� 7KH� VWUHVV�
HOOLSVRLG� VKDSHV� REVHUYHG� IRU� ERWK� QRUPDO� DQG� VWULNH�VOLS� IDXOWV�
DUH� RI� WKH� VHFRQG� W\SH�� LQGLFDWLQJ� D� GRPLQDQW� SURODWH� VWUHVV�
UHJLPH�� 7KH� DQDO\VLV� RI� IDXOW� RULHQWDWLRQV� DQG� VWUHVV� GLUHFWLRQV�
VKRZV� WKDW� QRUPDO� IDXOWV� H[KLELW� D� QHDU�YHUWLFDO� PD[LPXP�
FRPSUHVVLYH� VWUHVV� DQG� KRUL]RQWDO� PLQLPXP� FRPSUHVVLYH� VWUHVV�
LQ WKH QRUWKZHVW GLUHFWLRQ� ,Q FRQWUDVW� VWULNH�VOLS IDXOWV�
GHPRQVWUDWH�D�PD[LPXP�FRPSUHVVLYH�VWUHVV�RULHQWHG�66(��ZLWK�D�
PLQLPDO� FRPSUHVVLYH� VWUHVV� DOVR� DOLJQHG� LQ� WKH� QRUWKZHVW�
GLUHFWLRQ�� 7KHVH� ILQGLQJV� VXJJHVW� D� FRPSOH[� KLVWRU\� RI� VWUHVV�
HYROXWLRQ�� ZLWK� WKH� UHJLRQ� KDYLQJ� XQGHUJRQH� PXOWLSOH� VWUHVV�
SKDVHV� RYHU� WLPH�� )XUWKHUPRUH�� WKH� VWXG\� HPSKDVL]HV� WKH�
LPSRUWDQFH� RI� XQGHUVWDQGLQJ� WKH� UHODWLRQVKLS� EHWZHHQ� IDXOW�
NLQHPDWLFV� DQG� WKH� UHJLRQDO� VWUHVV� ILHOG� IRU� JHRWHFKQLFDO� DQG�
XUEDQ� GHYHORSPHQW� DSSOLFDWLRQV�� 7KH� LGHQWLILFDWLRQ� RI� VKHDU�
]RQHV�� IDXOW� VOLS� EHKDYLRUV�� DQG� VWUHVV� RULHQWDWLRQV� SURYLGHV�
FULWLFDO� GDWD� IRU� IXWXUH� KD]DUG� DVVHVVPHQWV� DQG� LQIUDVWUXFWXUH�
SODQQLQJ� LQ� WKLV� VHLVPLFDOO\� DFWLYH� UHJLRQ�� 2YHUDOO�� WKH� VWXG\�
FRQWULEXWHV�WR�D�GHHSHU�XQGHUVWDQGLQJ�RI�WKH�WHFWRQLF�SURFHVVHV�LQ�
QRUWKHDVWHUQ .HUPDQ DQG WKHLU LPSOLFDWLRQV IRU UHJLRQDO�
VWUXFWXUDO�GHYHORSPHQW�DQG�VHLVPLF�ULVN�PDQDJHPHQW�
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H[WHQG� RXU� WKDQNV� WR� WKH� UHYLHZHUV� IRU� WKHLU� PHWLFXORXV� DWWHQWLRQ� WR� GHWDLO� DQG�
FRQVWUXFWLYH� VXJJHVWLRQV� WKDW� JUHDWO\� LPSURYHG� WKH� TXDOLW\� RI� WKLV� PDQXVFULSW��
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