
8QXVXDO�SDUDPDJQHW�WR�IHUURPDJQHW�SKDVHWUDQVLWLRQ�DQG�PDJQHWLF�LQKRPRJHQHLWLHVLQ�KROH�GRSHG�PDQJDQLWHV�
$�9�/D]XWD��9�$�5\]KRY��,�$�.LVHOHY��<X�3�&KHUQHQNRY�2�3�6PLUQRY��3�/�0RONDQRY��,�2�7UR\DQFKXN
��9�$�.KRPFKHQNR


6W�3HWHUVEXUJ�,QVWLWXWH�IRU�1XFOHDU�3K\VLFV��5XVVLDQ�$FDGHP\�RI�6FLHQFHV�
*DWFKLQD���������6W�3HWHUVEXUJ��5XVVLD
,QVWLWXWH�RI�6ROLG�6WDWH�DQG�6HPLFRQGXFWRU�3K\VLFV��1DWLRQDO�$FDGHP\

RI�6FLHQFHV�RI�%HODUXV�����3�%URYNL�6W����������0LQVN��%HODUXV

5HFHLYHG�1RYHPEHU���������
5HVXOWV�RI�VWUXFWXUDO�QHXWURQ�GLIIUDFWLRQ�VWXG\��QRQOLQHDU�PDJQHWLF�UHVSRQVH�DQG�PDJ�

QHWLF� UHVRQDQFH�PHDVXUHPHQWV�DUH�SUHVHQWHG� IRU� LQVXODWLQJ�/D����0Q2�����ZLWK�7&|����.�7KH� GLIIUDFWLRQ� GDWD� DUH� FRQVLGHUHG� XVLQJ� WKH� PRQRFOLQLF� 3��D� DQG� RUWKRUKRPELF� 3EQP
VSDFH�JURXSV�LQ�D�WHPSHUDWXUH�UDQJH��Ü����.��7KH�FRPSRXQG�KDV�EHHQ�IRXQG�WR�KDYH�WKH
PRQRFOLQLF�VWUXFWXUH�DW�����.�DQG�RUWKRUKRPELF�RQH�DW���.��,Q�WKH�LQWHUPHGLDWH�WHPSHUD�
WXUH� UDQJH�� WKHVH� WZR� SKDVHV� FRH[LVW�� $FFRUGLQJ� WR� WKH� GDWD� RQ� QRQOLQHDU� UHVSRQVH� DQG
PDJQHWLF�UHVRQDQFH��WKLV�FRPSRXQG�H[KLELWV�DQ�XQFRQYHQWLRQDO�SDUDPDJQHWLF��3��WR�IHUUR�
PDJQHWLF� �)��SKDVH� WUDQVLWLRQ��%HORZ�7
|����.��WKH�XVXDO�3�SKDVH� LV� WUDQVIRUPHG�LQWR�D
PL[HG�VWDWH�ZKLFK�LV�FKDUDFWHUL]HG�E\�WKH�DSSHDUDQFH�RI�WKH�)�UHJLRQV�LQ�WKH�3�PDWUL[��7KH
WHPSHUDWXUH�HYROXWLRQ�RI�WKLV�VWDWH�LV�YHU\�FORVH�WR�WKDW�IRXQG�LQ�WKH�WUDGLWLRQDOO\�GRSHG
1G�±[%D[0Q2�� �[� ������� ������ PDQJDQLWHV�� 7KLV� VXSSRUWV� WKH� VXSSRVLWLRQ� RQ� XQLYHUVDOFKDUDFWHU� RI� WKLV� SKHQRPHQRQ�� QDPHO\�� IRUPDWLRQ� RI� DQ� LQKRPRJHQHRXV� PDJQHWLF� VWDWH
DERYH� 7&� ZLWK� WKH� FRH[LVWHQFH� RI� WKH� 3� DQG� )� UHJLRQV�� 7KH� )� GRPDLQV� DUH� H[SHFWHG� WRH[KLELW�D�PHWDOOLF�VWDWH�ZKLOH�WKH�3�SKDVH�LV�DQ�LQVXODWRU��
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7KH� LQWHUHVW� LQ� WKH� VWXG\� RI� WKH
SHURYVNLWH�PDQJDQLWH�R[LGHV�LV�GXH�WR�WKHLU
XQXVXDO�SK\VLFDO�SURSHUWLHV��7KH�KROH�GRSHG
PDQJDQLWHV� FDQ� H[KLELW� WKH� FRORVVDO�PDJQH�
WRUHVLVWDQFH�HIIHFW��&05��WKDW�LV�DPRQJ�WKH

FHQWUDO�SUREOHPV�LQ�WKH�SK\VLFV�RI�WKHVH�PD�
WHULDOV��7KH\�DUH�WUDGLWLRQDOO\�GRSHG�E\�VXE�
VWLWXWLQJ� D� WULYDOHQW� ODQWKDQLGH� IRU� D� GLYD�
OHQW� DONDOLQH�HDUWK� LRQ�� 7KH� GRSLQJ� XVXDOO\
FDXVHV� D� WUDQVLWLRQ� IURP� DQ� LQVXODWLQJ� �,�
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DQWLIHUURPDJQHWLF� WR� ,� IHUURPDJQHWLF� �)�
VWDWH� DQG� WKHQ� WR�)�PHWDOOLF� SKDVH��$Q� LP�
SRUWDQW� DVSHFW� RI� WKDW� EHKDYLRU� LV� WKH� QD�
WXUH�RI�D�SDUDPDJQHWLF��3��WR�)�SKDVH�WUDQ�
VLWLRQ� DQG� IRUPDWLRQ� RI� DQ� LQKRPRJHQHRXV
PDJQHWLF� VWDWH� DERYH� 7&�� 7KLV� SUREOHP� LVVWLOO�D�PDWWHU�RI�GLVFXVVLRQ�>����@��5HFHQWO\�
WKH� VWXG\� RI� QRQOLQHDU� UHVSRQVH� WR� D� ZHDN
DF� PDJQHWLF� ILHOG� IRU� 1G�±[%D[0Q2�� �[� ������ ������ VLQJOH� FU\VWDOV� ZLWK� D� SVHXGR�
FXELF�VWUXFWXUH�DQG�WKH�),�JURXQG�VWDWH�KDV
UHYHDOHG� DQ� XQXVXDO� VFHQDULR� RI� WKH� 3�),
SKDVH� WUDQVLWLRQ� >����@�� $ERYH� 7

�|7&���� .��� WKH� PDWHULDO� FULWLFDO� EHKDYLRUFRUUHVSRQGHG�WR�WKDW�RI�D��'�LVRWURSLF�IHUUR�
PDJQHWLF��%HORZ�7
��DQ�DQRPDORXV�EHKDYLRU
ZDV� REVHUYHG� FKDUDFWHUL]HG� E\� WKH� DSSHDU�
DQFH� RI� D� QHZ� SKDVH� ZLWK� WKH� VWURQJ� QRQ�
OLQHDU� SURSHUWLHV� LQ� WKH� ZHDN� PDJQHWLF
ILHOGV�� 7KH� UHVLVWLYLW\� RI� WKHVH� FRPSRXQGV
VKRZ� D� UHVLVWLYLW\� DQRPDO\� �SODWHDX�� QHDU
7&�� 7KLV� VXJJHVWV� WKH� TXDVL�PHWDOOLF� WUDQV�SRUW� SURSHUWLHV� RI� WKH� DQRPDORXV� SKDVH�� $
TXHVWLRQ�DULVHV�ZKHWKHU�WKLV�VFHQDULR�RI�WKH
3�)� WUDQVLWLRQ� LV� XQLYHUVDO� IRU� RWKHU� PDQ�
JDQLWHV��7R�HOXFLGDWH�WKLV�SUREOHP��LW�LV�UHD�
VRQDEOH�WR�VWXG\�WKLV�WUDQVLWLRQ�LQ�WKH�FRP�
SRXQGV�ZLWK�DQRWKHU�GRSLQJ�VSHFLHV�
$� QHZ� FODVV� RI� WKH� PDQJDQLWHV

/D����0Q2[� �[� �����Ü�������ZKHUH� WKH� GRS�LQJ� LV� FDXVHG� E\� YDULDWLRQ� LQ� WKH� R[\JHQ
FRQWHQW��KDV�EHHQ�UHFHQWO\�V\QWKHVL]HG��7KH
SKDVH� GLDJUDP�� PDJQHWLF� DQG� WUDQVSRUW
SURSHUWLHV� RI� WKRVH� FRPSRXQGV� KDYH� EHHQ
IRXQG� WR� EH� VLPLODU� WR� WKRVH� RI� WKH� WUDGL�
WLRQDOO\�GRSHG�PDQJDQLWHV� >�@��7KH�SUHOLPL�
QDU\�VWXG\�RI�/D����0Q2�����PDQJDQLWH�ZLWKWKH�),�JURXQG�VWDWH�UHYHDOHG�WKH�VFHQDULR�RI
3Ü)�SKDVH� WUDQVLWLRQ�VLPLODU� WR� WKDW�RI� WKH
1G%D� V\VWHP� >�@��$W� WKH� VDPH� WLPH�� DQ� HV�
VHQWLDO� GLIIHUHQFH� LQ� WKH� DQRPDORXV� SKDVH
SURSHUWLHV�� DULVLQJ� EHORZ� 7
|����.
�!7&|���� .��� ZDV� IRXQG�� QDPHO\�� LWV� QRQ�OLQHDU� UHVSRQVH� KDV� VKRZQ� D� VWURQJ� ILHOG
K\VWHUHVLV�
:H� SUHVHQW� KHUH� WKH� UHVXOWV� RI� FDUHIXO

LQYHVWLJDWLRQV� RI� WKH� 3Ü)� SKDVH� WUDQVLWLRQ
LQ� WKH� /D����0Q2����� FRPSRXQG�� 7KH\� LQ�FOXGH� WKH� GHWDLOHG� GDWD� RQ� WKH� VHFRQG� KDU�
PRQLF� RI� PDJQHWL]DWLRQ�0�� WKDW� PDNHV� LWSRVVLEOH�WR�VWXG\�WKH�QRQOLQHDU�SURSHUWLHV�LQ
ZHDN�ILHOGV��7KH�PDJQHWLF�UHVRQDQFH�LV�XVHG
WR�H[DPLQH�WKH�FULWLFDO�EHKDYLRU�RI�WKH�FRP�
SRXQG�DW�D�KLJKHU�FRQVWDQW�ILHOG�+�DQG�IUH�
TXHQF\� �I|����� *+]�� WKDQ� LQ� WKH� H[SHUL�
PHQWV� ZLWK�0��� $W� ODVW�� WKH� QHXWURQ� GLI�IUDFWLRQ� VWXGLHV� DUH� SHUIRUPHG� WR� FRQWURO
WKH�VWUXFWXUDO�FKDQJHV�

7KH� EHVW� ILW� RI� QHXWURQ� GLIIUDFWLRQ� GDWD
LQGLFDWHV� D� FRPSHWLWLRQ� EHWZHHQ� WZR� VWUXF�
WXUH��$�PRQRFOLQLF�SKDVH��3��D�VSDFH�JURXS�
GRPLQDWHV� IURP� ���� .� GRZQ� WR� ���� .�
%HORZ�����.��DQ�RUWKRUKRPELF��3EQP�VSDFH
JURXS�� LV� WKH�PDMRU� SKDVH�� 7KH� GLIIHUHQFHV
EHWZHHQ� WKH� VWUXFWXUHV� LQ� WKH� GRPLQDWLQJ
VWDWHV� DUH� LQVLJQLILFDQW� �VHH� D� GLVFXVVLRQ
EHORZ���7KXV��WKH�FRPSRXQG�H[KLELWV�RQO\�D
ZHDN�VWUXFWXUDO�UHRUJDQL]DWLRQ��,Q�DGGLWLRQ�
DERYH� 7&�� WKH� PRQRFOLQLF� SKDVH� FRPSOHWHO\GRPLQDWHV� WKDW� H[FOXGHV� D� TXHVWLRQ� RQ� D
VLPSOH�VWUXFWXUDO�RULJLQDWLRQ�RI�WKH�LQKRPR�
JHQHRXV�PDJQHWLF�VWDWH��7KH�0��GDWD�UHYHDOD� FORVH� VLPLODULW\�EHWZHHQ�WHPSHUDWXUH�HYR�
OXWLRQ� RI� WKH� +�K\VWHUHWLF� DQRPDORXV� �$�
SKDVH�RI�WKLV�FRPSRXQG�DQG�WHPSHUDWXUH�EH�
KDYLRU� RI� WKH�$�SKDVH�RI� WKH�1G%D� V\VWHP�
7KH�PDJQHWLF� UHVRQDQFH�PHDVXUHPHQWV� FRQ�
ILUP� WKH� H[LVWHQFH� RI� WKH� )� UHJLRQV� EHORZ
7
�� $FFRUGLQJ� WR� WKHVH� DQG�0�� GDWD�� WKHFULWLFDO�EHKDYLRU�RI�WKH�PDMRU�3�SKDVH�FRUUH�
VSRQGV�WR�D�IHUURPDJQHW�H[KLELWLQJ�D�VHFRQG
RUGHU�SKDVH�WUDQVLWLRQ��
7KH� SRO\FU\VWDOOLQH� /D����0Q2[� VDPSOHZDV� SUHSDUHG� E\� VROLG�VWDWH� UHDFWLRQ� XVLQJ

KLJK� SXULW\� /D�2�� DQG�0Q�2�� UHDJHQWV�� 7RUHPRYH�DEVRUEHG�ZDWHU�� WKH�/D�2��ZDV�SUH�FDOFLQHG� ������&����K���7KHQ�WKH�FRPSDFWHG
PL[WXUH�RI�UHDJHQWV�WDNHQ�LQ�VWRLFKLRPHWULF
FDWLRQ�UDWLR�ZDV�KHDW�DQQHDOHG�DW�����&�IRU
�� K�� 7KH� REWDLQHG� SURGXFW� ZDV� JURXQG�
SUHVVHG�LQWR�SHOOHWV��DQQHDOHG�DW�7� ������&
LQ� DLU� IRU� ��K� DQG� WKHQ� FRROHG� DW� D� UDWH� RI
���&�K�GRZQ�WR�URRP�WHPSHUDWXUH��7KH�R[\�
JHQ� FRQWHQW� RI� WKH� UHVXOWLQJ� PDWHULDO� KDV
EHHQ� GHWHUPLQHG� XVLQJ� WKHUPRJUDYLPHWULF
DQDO\VLV�� L�H�� WKH�GHFRPSRVLWLRQ�RI�WKH�VDP�
SOH� LQWR� VLPSOH� R[LGHV�/D�2�� DQG�0Q2� LQ� DUHGXFLQJ�+��1��IORZ��7KH�WUXH�FKHPLFDO�IRU�PXOD� RI� WKH� REWDLQHG� FRPSRXQG� ZDV
/D����0Q2����� ZLWK� DQ� HVWLPDWHG� HUURU� RIr����� R[\JHQ� SHU� IRUPXOD�� 7R� SUHSDUH� WKH
/D����0Q2�����FRPSRXQG��WKH�R[\JHQ�ZDV�UH�GXFHG� E\� FDOFLQDWLRQ� LQ� HYDFXDWHG� TXDUW]
DPSRXOHV� DW�7� ������&� IRU� ���K�ZLWK�PH�
WDOOLF�WDQWDOXP�DV�WKH�UHGXFLQJ�DJHQW��$OO�WKH
VDPSOHV�ZHUH�TXHQFKHG��7KH�R[\JHQ� ORVV�KDV
EHHQ�FKHFNHG�E\�WKH�ZHLJKLQJ�RI�WKH�VDPSOHV
EHIRUH�DQG�DIWHU�WKH�UHGXFWLRQ�
7KH� GLIIUDFWLRQ� H[SHULPHQWV� ZHUH� SHU�

IRUPHG�RQ�WKH����FRXQWHU�313,�SRZGHU�QHX�
WURQ� GLIIUDFWRPHWHU� �*H� PRQRFKURPDWRU�
O� �������c�� LQ� D� FU\RVWDW� DW� ���Ü���� .�
7KH�QHXWURQ�GLIIUDFWLRQ�GDWD�ZHUH�SURFHVVHG
XVLQJ� WKH� )XOO3URI� SURJUDP� >�@� WKDW� LV� D
UHFHQW�GHYHORSPHQW�RI�WKH�)8//352)�VRIW�
ZDUH��7KH�VHFRQG�KDUPRQLFV�RI�WKH� ORQJLWX�
GLQDO� PDJQHWL]DWLRQ�0�� LQ� D� QRQOLQHDU� UH�

$�9�/D]XWD�HW�DO����8QXVXDO�SDUDPDJQHW�WR�IHUURPDJQHW����

)XQFWLRQDO�PDWHULDOV������������� ���



VSRQVH� ZHUH� PHDVXUHG� LQ� SDUDOOHO� GF�� DQG
DF�KDUPRQLF� PDJQHWLF� ILHOGV� +�W�� �+��
KVLQZW� �Kd��� 2H�� I� �Z��S� ������0+]��
7KH�5H0��+��DQG�,P0��+��SDUWV�RI�WKH�0�ZHUH� VLPXOWDQHRXVO\� UHFRUGHG� DV� WKH� IXQF�
WLRQV� RI� D� FRQVWDQW� PDJQHWLF� ILHOG� +� IRU
YDULRXV� VDPSOH� WHPSHUDWXUHV� �7� ���Ü
���� .��� 7KLV� ILHOG� ZDV� VFDQQHG� V\PPHWUL�
FDOO\� UHODWLYH� WR� WKH� SRLQW�+� ��� WR� GHWHFW
WKH� ILHOG� K\VWHUHVLV� RI� WKH� VLJQDO�� 7KH� +
VFDQ� DPSOLWXGH� ZDV� ���� 2H�� :H� XVHG� WKH
VDPSOH� VKDSHG� DV� D� WKLQ� SODWH
�9|�u���u��������PP��� P|���� PJ��� WKH
PDJQHWLF�ILHOG�EHLQJ�RULHQWHG�SDUDOOHO�WR�LWV
SODQH��7KLV�DOORZHG�XV�WR�DYRLG�WKH�WHPSHUD�
WXUH� JUDGLHQW� LQVLGH� WKH� VDPSOH�� 7KH� VHWXS
DQG� PHWKRG� RI� VHSDUDWLRQ� RI� WKH�0��SKDVHFRPSRQHQWV� KDYH� EHHQ� GHVFULEHG� HOVHZKHUH
>�@�� 7KH� VHQVLWLYLW\� RI� WKHVH� PHDVXUHPHQWV
ZDV�DERXW���Ü��HPX��
,Q�(65�VWXG\��ZH�XVHG�DOVR�WKH�WKLQ�SODWH

VDPSOH� �9|�u�u����PP��� P|�� PJ�� IRU� WKH
VDPH� UHDVRQ� DV� LQ� WKH�0�� PHDVXUHPHQWV�:H� HPSOR\HG� D� KRPH�EXLOW� ;�UDQJH� (65
VSHFWURPHWHU� �I� ������ *+]�� GHVFULEHG� HDU�
OLHU��XVLQJ�D�F\OLQGULFDO�EDODQFH�FDYLW\�ZLWK
WKH� 7(���� W\SH� RI� RVFLOODWLRQV� >�@�� ,W� UHJLV�WHUV� WKH� FRPSRQHQW� RI� WKH� VDPSOH�PDJQHWL�
]DWLRQ� ZKLFK� LV� SURSRUWLRQDO� WR� WKH� RII�GL�
DJRQDO�SDUW�RI�LWV�PDJQHWLF�G\QDPLF�VXVFHS�
WLELOLW\� >0\�Z�� �F\[�Z�K[�Z�@�� ZLWK� D
OLQHDU�SRODUL]HG� H[FLWLQJ� DF�ILHOG� K__2[� DQG
FRQVWDQW�ILHOG�+__2]��2]�LV�D�F\OLQGULFDO�D[LV
RI� WKH� FDYLW\�� DQG� DOORZV� RQH� WR� DYRLG� WKH
SUREOHPV�DVVRFLDWHG�ZLWK�DEVRUSWLRQ�LQ�]HUR
ILHOG� GXH� WR� UHOD[DWLRQ� LQ� D� FULWLFDO� SDUDP�
DJQHWLF� UHJLPH�� 7KH� VDPSOH� ZDV� SODFHG� RQ
WKH� FDYLW\� ERWWRP� DQG�+� ZDV� GLUHFWHG� SHU�
SHQGLFXODU�WR�WKH�VDPSOH�SODQH�
%HORZ�7
|����.�� WKH� QRQOLQHDU� UHVSRQVH

RI�WKH�FRPSRXQG�UHYHDOV�IHDWXUHV�RI�D�SKDVH
VHSDUDWHG� �36�� PDJQHWLF� VWDWH� ZLWK� )� PR�
PHQW� LQ� WKH� DQRPDORXV� SKDVH� WKDW� VLJQDOV
WKH� ILUVW� RUGHU� WUDQVLWLRQ� >�@�� ,W� LV�QDWXUDO�
WKHUHIRUH�� WR� H[SHFW� D� WHPSHUDWXUH�K\VWHUH�
VLV� RI� WKH� (65� VLJQDO�� %HVLGHV�� WKH� VWDWH
EHLQJ� IRUPHG�DW� WKH�36�XVXDOO\�GHSHQGV�RQ
WKH�SURFHVV�XVHG�WR�WUDQVIHU�D�V\VWHP�LQ�WKH
36� UHJLPH�� 7KHUHIRUH�� VHYHUDO� W\SHV� RI� WKH
WHPSHUDWXUH� VFDQ�ZLWK�ZLWKRXW� DQ� H[WHUQDO
PDJQHWLF�ILHOG�ZHUH�SHUIRUPHG���,��WKH�VDP�
SOH� ZDV� VORZO\� FRROHG� DW�+� ��� IURP� URRP
WHPSHUDWXUH�GRZQ� WR�����.�EHORZ�7&� �=)&UHJLPH�� DQG� WKHQ� VORZO\� KHDWHG� �=)+� UH�
JLPH��EDFN�WR�URRP�WHPSHUDWXUH��,Q�WKH�FKR�
VHQ�WHPSHUDWXUH�SRLQWV� �7�SRLQWV��� WKH�(65
VSHFWUD�ZHUH�UHFRUGHG��$�WHPSRUDO�VWDELOL]D�
WLRQ� WLPH� EHIRUH� UHFRUGLQJ� WKH� VLJQDO� ZDV
DERXW�����WR�����V�DW�HDFK�7�SRLQW���,,��WKH

VDPH�WHPSHUDWXUH�VFDQ�DV�DERYH�ZDV�DSSOLHG
EXW�LQ�+� ���N2H�GXULQJ�FRROLQJ�RU�KHDWLQJ
EHWZHHQ�7� SRLQWV� �)&� DQG� )+� UHJLPHV�� UH�
VSHFWLYHO\���7KLV�SURFHGXUH�DOVR�WHVWV�D�SRV�
VLEOH� 36� VWDWH� DQG� SURSHUWLHV� RI� SKDVHV� EH�
FDXVH� WKH�PDJQHWLF� ILHOG� FDQ� FKDQJH� D� EDO�
DQFH� EHWZHHQ� WKH� SKDVH� IUDFWLRQV�� �,,,�� $
IDVW�FRROLQJ�RI�WKH�VDPSOH�ZDV�XVHG�GRZQ�WR
����.� LQ� ]HUR�+� DQG� WKHQ� WKH� VDPSOH� ZDV
VORZO\� KHDWHG� XS� WR� URRP� WHPSHUDWXUH
�)=)&�UHJLPH���
7KH�PHDVXUHG�GLIIUDFWLRQ�SURILOHV�IRU��Ü

���� .� DUH� IRXQG� WR� EH� ZHOO� ILWWHG� XVLQJ� D
WZR�SKDVH� VWUXFWXUDO�PRGHO�� ,W� LQFOXGHV� WKH
PRQRFOLQLF� 3��D� DQG� RUWKRUKRPELF� 3EQP
SKDVHV�� 7KH� PRQRFOLQLF� VWUXFWXUH� GRPLQDW�
LQJ� DW� URRP� WHPSHUDWXUH� LV� WUDQVIRUPHG
LQWR� WKH� RUWKRUKRPELF� SKDVH� ZLWK� ORZHULQJ
WHPSHUDWXUH�� )LJV����� �� VKRZ� WKH� WHPSHUD�
WXUH� GHSHQGHQFHV� RI� WKH� VWUXFWXUDO� SDUDPH�
WHUV�� WKH�UHODWLYH�YROXPH�IUDFWLRQV��DQG�WKH
PDJQHWL]DWLRQV�IRU�WKHVH�SKDVHV��7KH�PRQR�
FOLQLF�RUWKRUKRPELF�WUDQVLWLRQ�LV�VHHQ�WR�GH�
YHORS� EHORZ� 702�a����� .� DQG� WR� EH� FRP�SOHWHG� DW�����.� �)LJ���D���7KLV�DJUHHV�ZLWK
UHVXOWV� RI� >�@�ZKHUH�702�ZDV� IRXQG� WR� GH�FUHDVH� ZLWK� LQFUHDVLQJ� [� IURP� ���� .
�[�  � ������ GRZQ� WR� ���� .� �[� �������� 7KH
PRQRFOLQLF�VWUXFWXUH�LV�FKDUDFWHUL]HG�E\�WZR
0Q� VLWHV�� ZKLFK� SURGXFH� D� OD\HU� DUUDQJH�
PHQW�RI�WZR�GLIIHUHQW�0Q2��RFWDKHGUD�DORQJWKH�D� D[LV��$V� WKH� GDWD� RQ� WKH�0Q±2� ERQG
OHQJWKV� VKRZ� �)LJ���F��� WKH� RFWDKHGUD� H[�
KLELW�WKH�-DKQ�7HOOHU��-7��GLVWRUWLRQV�ZKLFK
DUH�VPDOO�DW�URRP�WHPSHUDWXUH�DQG�LQFUHDVH
DW�FRROLQJ��7KHUH�LV�D�GLIIHUHQFH�LQ�WKH�VSOLW�
WLQJ� RI� WKH� ERQG� OHQJWKV�� ,Q�0Q��VLWH�� WKH
ORQJ� ERQG� �0Q�±2���� OLHV� LQ� WKH� EF� SODQH
DQG� LW� LQFUHDVHV� ZLWK� GHFUHDVLQJ� WHPSHUD�
WXUH�� ,Q�0Q�� VLWH�� WKH� EF� SODQH� LV� RFFXSLHG
E\� WKH� VKRUW� ERQG� �0Q�±2���� ZKLFK� GH�
FUHDVHV� RQ� FRROLQJ��7ZR�RWKHU� ERQG� OHQJWKV
DSSUR[LPDWHO\�FRLQFLGH�LQ�ERWK�VLWHV�DQG�GH�
SHQG�ZHDNO\�RQ�WHPSHUDWXUH�
$� VPDOO� DPRXQW� RI� WKH� RUWKRUKRPELF

SKDVH� LV� REVHUYHG� IURP� ���� .� GRZQ� WR
70Ü2�a����� .� ZKHUH� LWV� IUDFWLRQ� LV� DERXW������,Q�WKLV�WHPSHUDWXUH�UDQJH��WKH�SKDVH
VWUXFWXUDO� SDUDPHWHUV� H[KLELW� WKH� WHPSHUD�
WXUH�GHSHQGHQW�YDULDWLRQV��)LJ���E��)LJV���D�
�E�� WKDW� FRUUHVSRQG� WR� WKH� LQLWLDO� VWDJH� RI
LWV� IRUPDWLRQ�� %HORZ� 702�� WKH� VWUXFWXUDOSDUDPHWHUV� EHFRPH� VWDEOH�� 7KH�0Q±2� ERQG
OHQJWKV�DUH�DOPRVW�HTXDO�LQ�WKLV�UDQJH�
7KH�)� RUGHU� LV� GHYHORSHG� LQ� ERWK� SKDVHV

DW� FORVH� WHPSHUDWXUHV�� 7&0|���� .� DQG
7&2|���� .� IRU� WKH� PRQRFOLQLF� DQG� RUWKRU�KRPELF� VWUXFWXUHV�� UHVSHFWLYHO\� �)LJV���E�
�G��� 7KH� 7&0� IRU� WKH� PDMRU� SKDVH� DJUHHV
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UHDVRQDEO\� ZLWK� 7&|���� .� REWDLQHG� IURPWKH�GDWD�RQ�D�WKLUG�KDUPRQLF�RI�PDJQHWL]D�
WLRQ�REWDLQHG� DW� ORZ� IUHTXHQF\� ����N+]�� RI
WKH�H[FLWLQJ�DF�ILHOG>�@��7KH�WHPSHUDWXUH�GH�
SHQGHQFH� RI� WKH� )� PRPHQW� IRU� WKH� RUWKRU�
KRPELF�SKDVH�VKRZV�D�EHKDYLRU�W\SLFDO�IRU�D
IHUURPDJQHW��7KH�PDJQHWLF�PRPHQW� DW� ��.
����P%�� LV�FORVH�WR�WKDW�����P%��H[SHFWHG�IRUPL[WXUH� RI� WKH�0Q��� DQG�0Q��� LRQV� FRUUH�
VSRQGLQJ�WR�[� �������7KH�PDJQHWL]DWLRQ�RI
WKH� PRQRFOLQLF� SKDVH� LQFUHDVHV� PRQRWR�
QRXVO\�DW�FRROLQJ�IURP�7&0�GRZQ�����.��$W���� .�� LW� UHGXFHV� VOLJKWO\� DQG� UHPDLQV� DW
WKH� VDPH� OHYHO� GRZQ� WR� �� .�� 7KLV� RFFXUV
ZKHQ�D�IUDFWLRQ�RI�WKLV�SKDVH�EHFRPHV�VPDOO
������ DW� ���� .��� 7KHUHIRUH�� WKLV� EHKDYLRU
PD\� EH� UHODWHG� WR� IRUPDWLRQ� RI� VPDOO� IUDJ�
PHQWV� RI� WKH� SKDVH� ZKLFK� FDQQRW� VXSSRUW
WKH�ZHOO�RUGHUHG�VWDWH�DV�WKH�EXON�PDWHULDO�
1RWH�WKH�IROORZLQJ�LPSRUWDQW�IHDWXUHV�LQ

WKH�7�HYROXWLRQ�RI�WKH�VWUXFWXUH��7KH�PRQR�
FOLQLF�SKDVH�GRPLQDWHV�DERYH�����.��7KH�-7
GLVWRUWLRQV�� ZKLFK� DFFRXQW� IRU� WKH� GLIIHU�
HQFH�EHWZHHQ�WZR�0Q�VLWHV��DUH�VPDOO�LQ�WKLV
UHJLRQ� L�H��� WKHVH� VLWHV� DUH� DOPRVW� HTXLYD�
OHQW�� 0RUHRYHU�� WKH�0Q±2� ERQG� OHQJWKV� LQ
WKLV� SKDVH� DUH� FORVH� WR� WKRVH� LQ� WKH� RUWKRU�
KRPELF�VWUXFWXUH�LQ�LWV�ZHDNO\�WHPSHUDWXUH�
GHSHQGHQW� VWDWH� �EHORZ� ���� .��� 7KH� VDPH
FORVHQHVV� H[LVWV� EHWZHHQ� WKH�0Q±2±0Q� DQ�

JOHV��$V�D�UHVXOW�� WKH�FRPSRXQG�DV�D�ZKROH
LV�WUDQVIRUPHG�ZHDNO\�ZLWK�WHPSHUDWXUH��UH�
PDLQLQJ�QHDU�WR�DQ�RUELWDO�GLVRUGHUHG�VWDWH�
7KLV� H[SODLQV� ZK\� WKH� VWUXFWXUDO� FKDQJHV
FDQ�KDYH�OLWWOH�HIIHFW�RQ�WKH�PDJQHWLF�SURS�
HUWLHV������������
7R�FODULI\�WKH�FULWLFDO�EHKDYLRU�DERYH�7&�WKH� VHFRQG� KDUPRQLF� RI� PDJQHWL]DWLRQ�

0��7��� ZDV� LQYHVWLJDWHG� XQGHU� FRQGLWLRQ0�vK�� ZKHQ� WKH� ORQJLWXGLQDO� UHVSRQVH� LVGHVFULEHG�E\� WKH�VHFRQG�RUGHU�G\QDPLF�VXV�
FHSWLELOLW\� F__����Z��+��7��� 7KH� SURSHUWLHV� RIWKLV� IXQFWLRQ�ZHUH� FRQVLGHUHG� LQ� >�@��)LJ���
GLVSOD\V�WKH�5H0��+��DQG�,P0��+��GHSHQG�HQFHV� IRU� VRPH� FKDUDFWHULVWLF� WHPSHUDWXUHV
WKDW� DUH� UHODWHG� WR� WKH� WKUHH� ��LPSXULW\��
QRUPDO� DQG� DQRPDORXV�� 7� UDQJHV� ZLWK� GLI�
IHUHQW�0��+�7��GHSHQGHQFHV��6LPLODU�UDQJHVZHUH� IRXQG� IRU� WKH�1G%D� V\VWHP� >����@�� ,Q
WKH� �LPSXULW\�� UDQJH� ����Ü���� .��� DQ� HV�
VHQWLDOO\� 7�LQGHSHQGHQW� VLJQDO� LV� REVHUYHG�
,W�H[KLELWV�D�ZHDN�+�K\VWHUHVLV�ZLWK�D�VPDOO
0��DW�+� ���WKDW�SURYLGHV�D�FOHDU�HYLGHQFH

)LJ�����7HPSHUDWXUH�GHSHQGHQFHV�RI�WKH�0Q±2
ERQG� OHQJWKV� >SDQHOV� �D��� �F�@��0Q±2±0Q� DQ�
JOHV�DQG�PDJQHWLF�PRPHQWV�SHU�0Q� LRQ�>SDQ�
HOV��E����G�@�IRU�WKH�3EQP�DQG�3��D�VWUXFWXUDO
SKDVHV��UHVSHFWLYHO\�

)LJ����� 7HPSHUDWXUH� GHSHQGHQFHV� RI� WKH� XQLW
FHOO� SDUDPHWHUV� D�� E�� F� >SDQHOV� �E��� �F�@�� WKH
XQLW�FHOO�YROXPH��9��DQG�WKH�YROXPH�IUDFWLRQ
>SDQHO� �D�@� IRU� WKH� VWUXFWXUDO� SKDVHV� 3EQP
DQG�3��D�
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RI� D� VSRQWDQHRXV� PDJQHWL]DWLRQ� LQ� WKLV
SKDVH�� ,QGHHG��0�� LV� D� SVHXGR�YHFWRU� DQGHYHQ�IXQFWLRQ�RI�K��7KHUHIRUH��0��+��LV�RGGLQ� +� ZLWK�0����� ��� LQ� WKH� SDUDPDJQHWLFSKDVH�� $FFRUGLQJO\�� WKH� UHVSRQVH� ZLWK
0����z�� LQ� WKH� �LPSXULW\�� UDQJH� LV� DVVRFL�DWHG�ZLWK�D�VPDOO�DPRXQW�RI�D�PDJQHWLFDOO\
RUGHUHG�LPSXULW\�SKDVH��
,Q�WKH�QRUPDO�UDQJH�����Ü����.|7
���WKH

VLJQDO� VWDUWV� WR� LQFUHDVH� ZLWK� GHFUHDVLQJ
WHPSHUDWXUH��DQG�ZH�REVHUYH�WKH�W\SLFDO�UH�
VSRQVH� WKDW� FDQ� EH� DWWULEXWHG� WR� D� �'� LVR�
WURSLF� IHUURPDJQHW� LQ� ZHDN� ILHOGV
JP+��7&W���� �W� ��7Ü7&��7&��� ,Q� WKLV� UH�JLPH�� 5H0��+��v�+� DQG� ,P0��+�� GHSHQGRQ�+� DOPRVW� OLQHDUO\� >����@��$Q�H[DPSOH� RI
WKLV� EHKDYLRU� LV� WKH� GDWD� DW� ������ .� �VHH
)LJ������7KH� DQRPDORXV� UDQJH� �7
� �����.Ü
7&� �����.��LV�FKDUDFWHUL]HG�E\�WKH�DSSHDU�DQFH� RI� DQ� XQH[SHFWHG� DGGLWLRQDO� VLJQDO
ZLWK� H[WUDRUGLQDU\� ,P0��+�� GHSHQGHQFH� �DK\VWHUHVLV� ORRS� DW� +d���� 2H� ZLWK� DQ� H[�
WUHPH� LQ� D� YHU\�ZHDN� ILHOG�+�a����2H���VHH
)LJ���E��7KH�QHZ�VLJQDO�LQFUHDVHV�VKDUSO\�DW
FRROLQJ�ZKHUHDV�WKH�ILHOG�SRVLWLRQ�RI�LWV�H[�
WUHPH�UHPDLQV�ZHDNO\�7�GHSHQGHQW�GRZQ�WR

7&� �)LJ���E��� 7KLV� EHKDYLRU� FDQ� EH� DWWULE�XWHG� WR� DQ� LQFUHDVH� LQ� YROXPH� RI� WKH� QHZ
�DQRPDORXV��SKDVH��,Q�WKH�5H0��+��GHSHQG�HQFH��WKH�DQRPDORXV��$��VLJQDO�DOVR�DFFRXQWV
IRU� IRUPDWLRQ� RI� WKH� H[WUHPH� DW� WKH� VPDOO
ILHOGV� DQG� ILHOG� K\VWHUHVLV� �)LJ���D��� 7KH
ILHOG� SRVLWLRQ� RI� WKH� PLQLPXP� DW� +!�
�+PLQ�� GHFUHDVHV� DQG� H[WUHPH� YDOXH� RI� WKH5H0��+�� �Ü5H0�PLQ�� LQFUHDVHV� ZLWK� GH�FUHDVLQJ� WHPSHUDWXUH� �)LJV���D�� �E��� )RU
WKLV� FRPSRQHQW�� +PLQ� FKDQJHV� ZLWK� WHP�SHUDWXUH�VLQFH�5H0��LV�WKH�VXP�RI�WKH�FRP�SDUDEOH� VLJQDOV� IURP� WKH� $� DQG� QRUPDO
SDUDPDJQHWLF� SKDVHV�� 7KH� WHPSHUDWXUH� GH�
SHQGHQFHV� RI� WKH� ,P0�PLQ�� 5H0�PLQ� DQG+PLQ�5H0��� VKRZ� H[WUHPHV� DSSUR[LPDWHO\DW� 7&� �)LJ������ 7KH� YDOXH� RI� +PLQ�,P0��EHJLQV� WR� GHSHQG� RQ� WHPSHUDWXUH� EHORZ�7&�)LJ���E���,W�LV�UHPDUNDEOH�WKDW�DOO�WKH�PDLQ
SHFXOLDULWLHV�RI�WKH�7�HYROXWLRQ�RI�WKH�+PLQDQG� 0�PLQ� IRU� 5H0�� DQG� ,P0�� FRLQFLGHZLWK�WKRVH�RI�1G����%D����0Q2��>�@��7KH�QHZVSHFLILF� IHDWXUH� RI� WKLV� PDQJDQLWH� LV� WKH
K\VWHUHWLF� EHKDYLRU� RI� WKH� $� SKDVH�� ,W� LV
FKDUDFWHUL]HG�E\� WKH� DSSHDUDQFH� RI� WKH� VLJ�
QDO� DW� +� ��� ZKLFK� LV� WKH� FRQVHTXHQFH� RI

)LJ����� 7ZR� SKDVH� FRPSRQHQWV� RI� WKH� VHFRQG� KDUPRQLF� RI� PDJQHWL]DWLRQ�0�� DV� IXQFWLRQV� RI� WKHFRQVWDQW�PDJQHWLF�ILHOG�+�DW�VRPH�WHPSHUDWXUHV��)XOO��VPDOOHU�VL]H��DQG�RSHQ�V\PEROV�DUH�XVHG�IRU
FXUYHV�UHFRUGHG�DW�WKH�GLUHFW�DQG�UHYHUVH�+�VFDQV��UHVSHFWLYHO\�
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WKH� VSRQWDQHRXV� PDJQHWL]DWLRQ� RI� WKLV
SKDVH�� )LJ���D� GLVSOD\V� 7�GHSHQGHQFH� RI
5H0����7�� ZKLFK�� DERYH� 7&�� DULVHV� GXH� WRWKH�$�SKDVH��7KLV� VLJQDO� LQFUHDVHV�ZLWK�GH�
FUHDVLQJ�WHPSHUDWXUH�GRZQ�WR�7&��UHIOHFWLQJWKH�JURZLQJ�YROXPH�RI�WKLV�SKDVH��$�QDUURZ
KROH� H[WUHPXP� REVHUYHG� MXVW� EHORZ� 7&� LVGXH�WR�GHYHORSPHQW�RI�PDJQHWL]DWLRQ�LQ�WKH
SDUDPDJQHWLF� SKDVH�� ,Q� 1G%D� V\VWHP�
5H0����7�� H[KLELWV� D� VWURQJ� QHJDWLYH� SHDNDW� 7&� >�@�� ,Q� RXU� FDVH�� WKLV� VLJQDO� LV� FRP�ELQHG�ZLWK� WKH� SRVLWLYH� FRQWULEXWLRQ� RI� WKH
$�SKDVH�
7KXV�� WKH� PDJQHWLFDOO\� LQKRPRJHQHRXV

VWDWH� LV� IRUPHG� EHORZ� 7
� ZKLFK� LV� FKDUDF�
WHUL]HG�E\�WKH�SUHVHQFH�RI�IHUURPDJQHWLF�UH�
JLRQV�LQ�SDUDPDJQHWLF�PDWUL[��$�VLPLODU�LQ�
KRPRJHQHRXV� VWDWH� LV� IRXQG� LQ� WKH� 1G%D
V\VWHP� DERYH� 7&� ZKHUH� WKH� $� SKDVH� SRV�VHVVHV� WKH� VWURQJ�QRQOLQHDU� EHKDYLRU� LQ� WKH
ZHDN�PDJQHWLF� ILHOGV�� ,Q� WKHVH� FRPSRXQGV�

KRZHYHU�� WKH� VWURQJ� +�K\VWHUHWLF� FKDUDF�
WHULVWLFV� DUH� QRW� REVHUYHG�� 7KH� PDWWHU� LV
WKDW� WKH� )� UHJLRQV� FDQ� EHKDYH� DV� VXSHU�
SDUDPDJQHWLF� SDUWLFOHV� ZKHQ� WKHVH� UHJLRQV
DUH�WKH�VLQJOH�GRPDLQ�FOXVWHUV��7KHUH�DUH�QR
K\VWHUHWLF�HIIHFWV�LQ�WKLV�UHJLPH��7KH�VXSHU�
SDUDPDJQHWLF� VWDWH� LV� UHDOL]HG� DW� WHPSHUD�
WXUHV� DERYH� WKH� VR�FDOOHG� EORFNLQJ� WHPSHUD�
WXUH� 7%�� %HORZ� 7%�� WKH� PDJQHWLF� EHKDYLRUEHFRPHV�K\VWHUHWLF� >�@��6LQFH�WKH�7%� LV�SUR�SRUWLRQDO�WR�DFWLYDWLRQ�HQHUJ\�.$1DW��.$�LVWKH� HIIHFWLYH� PDJQHWLF� DQLVRWURS\�� 1DW� LVWKH�QXPEHU�RI� WKH�DWRPV� LQ� WKH�SDUWLFOH�� LW
LV� PDWHULDO�GHSHQGHQW�� $V� D� UHVXOW��7%� FDQEH� ORZHU� WKDQ� ���� .� LQ� 1G%D� V\VWHP� DQG
UHDFKHV�����.�LQ�RXU�FDVH��7KH�VORZ�FRROLQJ
DQG� VORZ� KHDWLQJ� UHJLPHV� ZHUH� DSSOLHG� WR
FKHFN�WKH�WHPSHUDWXUH�K\VWHUHVLV�RI�WKH�0�UHVSRQVH��$V�)LJ���D�VKRZV��WKH�7�K\VWHUHVLV
LV� REVHUYHG� EHORZ�7
�PDLQO\� LQ� ,P0��7�+�FRPSRQHQW� ZKHUH� FRQWULEXWLRQ� � RI� WKH� $�
SKDVH� LV� ODUJHU�� 7KLV� LV� LQ� DJUHHPHQW� ZLWK
WKH�ILUVW�RUGHU�FKDUDFWHU�RI�LWV�RULJLQDWLRQ�
7R� H[DPLQH� WKH� PDJQHWLF� EHKDYLRU� RI

/D����0Q2����� DW� D� KLJKHU� IUHTXHQF\
������ *+]�� DQG� KLJKHU� PDJQHWLF� ILHOGV
�a�� N2H��� WKH� PDJQHWLF� UHVRQDQFH� KDV� EHHQ
VWXGLHG� LQ� WKH� WHPSHUDWXUH� UHJLRQ� ���Ü
���� .�� )LJ���� GLVSOD\V� WKH� W\SLFDO� VSHFWUD
IRU� VRPH� WHPSHUDWXUHV� REWDLQHG� DW� WKH� GLI�
IHUHQW�7�VFDQV��6LPLODU�VSHFWUD�ZHUH�DOVR�RE�
VHUYHG� IRU� RWKHU� WHPSHUDWXUHV� DERYH� 7&�7KRVH� DUH� LQVHQVLWLYH� WR� GLIIHUHQW� WUHDW�
PHQWV� IRU� WHPSHUDWXUHV� DERYH� DSSUR[L�
PDWHO\�����.��UHIOHFWLQJ�WKH�VDPSOH�SDUDP�
DJQHWLF� VWDWH�� ,Q� WKLV�7�UHJLRQ�� WKH� VSHFWUD
DUH�ZHOO�ILWWHG�E\�D�/RUHQW]LDQ�OLQH�VKDSH���
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DV�SDQHO���RI�)LJ����VKRZV��+HUH��FDV� LV�WKHDQWLV\PPHWULF�FRPSRQHQW�RI�WKH�VDPSOH�G\�
QDPLF�VXVFHSWLELOLW\��F�LV�WKH�VWDWLF�VXVFHSWL�
ELOLW\��DQG�MV� LV� WKH�VLJQDO�SKDVH��6LQFH�WKH
VSLQ� UHOD[DWLRQ� UDWH� *� LV� UHODWLYHO\� ODUJH�
WKH�ERWK�FLUFXODUO\�SRODUL]HG�FRPSRQHQWV�RI
DF�ILHOG� DUH� WDNHQ� LQWR� DFFRXQW� LQ� (T�����
)RU� WKLV� UHDVRQ�� D� FRQWURO� VDPSOH� �D� SRO\�
FU\VWDOOLQH� VWDEOH� QLWUR[\O� UDGLFDO� ZLWK� J� 
������ DQG� *|��� 2H�� ZDV� XVHG� WR� WXQH� WKH
SKDVH� RI� DF�ILHOG� ZKLFK� LV� WKH� UHIHUHQFH
SRLQW� IRU� MV�� 7KH� ILWWLQJ� SDUDPHWHUV� LQ

)LJ�����7HPSHUDWXUH�GHSHQGHQFHV�RI�5H0��+�DQG� ,P0��+�� SDUDPHWHUV� LQ� WKH� FRROLQJ�FORVHG� V\PEROV�� DQG� KHDWLQJ� �RSHQ� V\PEROV�
UHJLPHV�� 3DQHO� �D�� SUHVHQWV� 7�EHKDYLRU� RI
,P0��+�� DW� LWV� PLQLPXP�� ,QVHWV� �� DQG� �VKRZ�WKH�5H0��7��DW�+� ���DQG�Ü5H0��+��DWLWV�PLQLPXP��UHVSHFWLYHO\��3DQHO��E��GLVSOD\V
7�HYROXWLRQ�RI�WKH�+�SRVLWLRQV�RI�WKH�PLQLPD
LQ�5H0��+��DQG�,P0��+��
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(T�����DUH�*��J��MV�DQG�WKH�DPSOLWXGH�RI�WKH
VLJQDO�$DV�7��v��F�$W�D�IXUWKHU�GHFUHDVLQJ�7��EHORZ�����.�
WKH�GLVWLQFWLRQ�EHWZHHQ�WKH�VSHFWUD�REWDLQHG
DW� GLIIHUHQW� 7�VFDQV� LQFUHDVHV�� %HVLGHV�� LQ
WKH�UHJLRQ�����.�!�7�!�7&��D��VKRXOGHU��DWORZ�ILHOG�DQG�D�NLQN�DW�KLJK�ILHOG�DULVH��VHH
LQVHW� �E��RI�)LJ������7KLV�LV�D�IHUURPDJQHWLF
UHVRQDQFH� IURP�WKH�$�SKDVH�ZLWK� WKH� VSRQ�
WDQHRXV� PDJQHWL]DWLRQ� ZKLFK� H[KLELWV� WKH
FKDUDFWHULVWLF� VSOLWWLQJ� GXH� WR� D� PDJQHWLF
DQLVRWURS\�� 7R� GHVFULEH� WKH� VLJQDO� LQ� WKLV
UHJLRQ��ZH�XVH�WKUHH�/RUHQW]LDQV��7KH�LQVHW
�E�� RI� )LJ���� SUHVHQWV� WKLV� ILW� REWDLQHG� DW
]HUR� ILHOG� FRROLQJ� UHJLPH� DW� ������ .�� 7KH
GRWWHG�OLQH�GLVSOD\V�WKH�VLJQDO�RI�WKH�SDUDP�
DJQHWLF� SKDVH�� WKH� WZR� GDVKHG� OLQHV� FRUUH�
VSRQG� WR� WKH� $� SKDVH�� DQG� WKH� FLUFOHV� SUH�
VHQW�WKH�UHFRUGHG�VLJQDO�WKH�VROLG�OLQH�LV�WKH
UHFRUGHG� VXPPDU\� VSHFWUXP�� %HORZ� 7&�ZKHUH�WKH�PDJQHWLF�RUGHULQJ�LV�GHYHORSHG�LQ
WKH� PDMRU� SDUDPDJQHWLF� SKDVH�� WKH� ILW� EH�
FRPHV�ZRUVH�� 7R� GHPRQVWUDWH� VHQVLWLYLW\� RI
WKH� GDWD� WR� WKH� RUGHULQJ� RI� WKH� LQLWLDO
SDUDPDJQHWLF� SKDVH�� 7KHUHIRUH�� ZH� QHHG� WR
DGG� IRXUWK� /RUHQW]LDQV� LQ� ILWWLQJ� IXQFWLRQ
WR� LPSURYH� ILW�� 7KLV� UHVXOW� RI� WKH� ILW� DW

7� �������.��WKH�]HUR�ILHOG�FRROLQJ�UHJLPH�
LV�SUHVHQWHG�LQ�WKH�LQVHW��D��RI�)LJ�������
)LJ���� GLVSOD\V� WKH� SDUDPHWHUV� RI� WKH

05�VSHFWUD�+UHV�7���*�7��DQG�$V�7��REWDLQHGLQ� YDULRXV� 7�UHJLRQV�� 7KH� UHJLRQV� FRUUH�
VSRQG�WR�WKH�3�VWDWH������3�)�VWDWH������DQG
)� VWDWH� ����� 7KH� SDUDPDJQHWLF� SKDVH� VLJQDO
DW� 7o7&� VKRZV� WKH� XVXDO� EHKDYLRU� FRUUH�VSRQGLQJ� WR� D� IHUURPDJQHWLF� H[KLELWLQJ� D
VHFRQG�RUGHU�SKDVH�WUDQVLWLRQ��7KH�$V�7���vF�LQFUHDVHV�DW�7o7&�DQG�*�7��VKRZV�WKH�FULWL�FDO� HQKDQFHPHQW� �WKH� LQVHW� RI� )LJ���E��� $V
WKH�GDWD�RQ�+UHV�7��GHPRQVWUDWH�� WKH�IHUUR�PDJQHWLF�$�SKDVH�DSSHDUV�DERYH�7&�DQG�SHU�VLVWV� EHORZ�7&�� 7KXV�� HYHQ� WKH� )� VWDWH� UH�PDLQV�LQKRPRJHQHRXV��DW�OHDVW�DERYH�����.�
$� QRWLFHDEOH� 7�K\VWHUHVLV� LV� REVHUYHG� RQO\
EHORZ�7&��7KH�UHJLRQ�DERYH�7&�FRUUHVSRQGVWR�WKH�VWUXFWXUH�ZKHUH�WKH�PRQRFOLQLF�SKDVH
GRPLQDWHV�� %HVLGHV�� WKH� GLIIHUHQFH� EHWZHHQ
WKH� WZR� PDQJDQLWH� VLWHV� LQ� WKLV� UHJLRQ� LV
VPDOO� DQG� WKLV� VWUXFWXUH� LV� FORVH� WR� WKH� RU�
WKRUKRPELF�RQH��7KLV�H[SODLQV�ZK\�WKH�SRV�
VLEOH� DQRPDOLHV� UHODWHG� WR� WKH� VWUXFWXUDO
WZR�SKDVH�VWDWH�DUH�QRW�IRXQG�
/HW� XV� FRQVLGHU� WKH� SRVVLEOH� UHDVRQV� IRU

IRUPDWLRQ� RI� WKLV� LQKRPRJHQHRXV� PDJQHWLF

)LJ����� (OHFWURQ� PDJQHWLF� UHVRQDQFH� VSHFWUD� DW� VRPH� WHPSHUDWXUHV� RI� WKH� VDPSOH� IRU� GLIIHUHQW�7
WUHDWPHQWV�� �L��VORZ�FRROLQJ�DW�+� ��� �=)&��VROLG� OLQH�RU�FLUFOHV��DQG�DW�+� ���N2H��)&��GDVK����LL�
VORZ�KHDWLQJ�DIWHU�VORZ�FRROLQJ�DW�+� ����=)+��GDVK�GRW�OLQH��DQG�DIWHU�IDVW�FRROLQJ�DW�+� ����)=)&�
GRW�OLQH����LLL��ILW�RI�WKH�VSHFWUXP�REWDLQHG�DW�7� �������.�LQ�=)&�UHJLPH��VROLG�OLQH���,QVHWV��D��DQG
�E��SUHVHQW�WKH�ILWV�RI�WKH�VSHFWUD�REWDLQHG�EHORZ�7&�DQG�7
��UHVSHFWLYHO\�
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VWDWH� DERYH� 7&�� 1RWH� ILUVW�� WKDW� WKH� VWDWHH[LVWV� LQ� WKH�PDQJDQLWHV�ZLWK� TXLWH� GLIIHU�
HQW� GRSLQJ� FKDUDFWHUV�� 6HFRQG�� LW� DULVHV� LQ
GLIIHUHQW�FU\VWDO�VWUXFWXUHV�ZLWK�RUWKRUKRP�
ELF� DQG� PRQRFOLQLF� V\PPHWULHV�� 7KLV� VXJ�
JHVWV� D� PHFKDQLVP� WKDW� LV� LQVHQVLWLYH� WR
WKHVH�IHDWXUHV��5HFHQWO\��VXFK�D�PHFKDQLVP
KDV� EHHQ� FRQVLGHUHG� WR� H[SODLQ� WKH� HOHF�
WURQLF� LQKRPRJHQHLWLHV� LQ� WKH� JURXQG� VWDWH
RI� WKH� )� PDQJDQLWHV� >�@�� ,W� LV� NQRZQ� WKDW
WKH�)�JURXQG�VWDWH�RI�WKH�GRSHG�PDQJDQLWHV
LV�� JHQHUDOO\� VSHDNLQJ�� LQKRPRJHQHRXV��7KH

)� PHWDOOLF� VWDWH� FDQ� FRQWDLQ� LQVXODWLQJ� UH�
JLRQV�DQG�WKH�)�LQVXODWLQJ�VWDWH�FDQ�LQFOXGH
PHWDOOLF� GRPDLQV�� 7KHVH� HOHFWURQLF� LQKRPR�
JHQHLWLHV� ZHUH� VWXGLHG� XVLQJ� D� PRGHO� ZLWK
&RXORPE�LQWHUDFWLRQV�EHWZHHQ�WZR�HOHFWURQLF
IOXLGV�Û�RQH�ORFDOL]HG��SRODURQLF���WKH�RWKHU
H[WHQGHG��PHWDOOLF��Û�DQG�GRSDQW�LRQV��7KH
ORQJ�UDQJH� &RXORPE� LQWHUDFWLRQV� IUXVWUDWH
SKDVH� VHSDUDWLRQ� LQGXFHG� E\� WKH� ODUJH� RQ
VLWH� UHSXOVLRQ� EHWZHHQ� WKH� IOXLGV�� $� SKDVH
DULVHV� ZKLFK� LV� LQKRPRJHQHRXV� DW� D� QDQRV�
FDOH��7KLV�PHFKDQLVP�H[SODLQV�ZK\�WKH�RWK�
HUZLVH� SKDVH� VHSDUDWHG� VWDWH� LV� EURNHQ� LQWR
WKH�VWDWH�ZLWK�QDQRVFDOH�LQKRPRJHQHLWLHV��DQG
FDQ�EH�UHOHYDQW�DERYH�7&��+RZHYHU��WKH�UHDVRQIRU� WKH�DSSHDUDQFH�RI�WKH�PL[HG�3,�)0�VWDWH
EHORZ�7
�LV�VWLOO�DQ�RSHQ�TXHVWLRQ���������
7R� FRQFOXGH�� WKH� SUHVHQWHG� UHVXOWV� RI

WKRURXJK� LQYHVWLJDWLRQV� RI� WKH� 3Ü)� SKDVH
WUDQVLWLRQ� LQ� WKH� /D����0Q2����� FRPSRXQGGRSHG� E\� R[\JHQ� QRQVWRLKLRPHWU\� ZLWK� WKH
),�JURXQG�VWDWH�HYLGHQFH�WKH�VFHQDULR�ZKLFK
LV� TXDOLWDWLYHO\� VLPLODU� WR� WKDW� LRQ� RI� WKH
1G�±[%D[0Q2�� �[� ������� ������ FU\VWDOV
>��� �@�� )RUPDWLRQ� RI� WKH� )� UHJLRQV� LQ� WKH
SDUDPDJQHWLF�PDWUL[�EHORZ�7
|����.�LV�GH�
WHFWHG�E\�QRQOLQHDU�UHVSRQVH�WR�DF�ILHOG�DQG
WKH� PDJQHWLF� UHVRQDQFH�� 7KH� PL[HG� VWDWH
RULJLQDWHV� E\� WKH� ILUVW�RUGHU� IDVKLRQ�� WKH�)
FOXVWHUV� UHYHDOLQJ� WKH� VWURQJ� QRQOLQHDU
SURSHUWLHV� LQ� WKH�ZHDN� ILHOGV��$FFRUGLQJ� WR
>�@��D�SHFXOLDULW\��SODWHDX��LQ�WKH�UHVLVWLYLW\
RFFXUV� LQ� WKH� /D����0Q2����� QHDU� 7&� WKDWLQGLFDWHV�WKH�PHWDOOLF�FKDUDFWHU�RI�WKH�)�GR�
PDLQV��7KH�REWDLQHG�UHVXOWV�VXJJHVW�WKDW�DS�
SHDUDQFH� RI� WKH� LQKRPRJHQHRXV� PDJQHWLF
VWDWH� DERYH� 7&� FDQ� EH� WKH� XQLYHUVDO� SKH�QRPHQRQ�IRU�WKH�GRSHG�)�PDQJDQLWHV��

$FNQRZOHGJPHQWV�� :H� DUH� JUDWHIXO� WR
'U�9�3�.KDYURQLQ� IRU� KHOSIXO� GLVFXVVLRQV�
7KLV� ZRUN� ZDV� VXSSRUWHG� E\� WKH� 5XVVLDQ
)RXQGDWLRQ� IRU� %DVLF� 5HVHDUFK�� *UDQW
1R�������������D�

5HIHUHQFHV
� ���0�%�6DODPRQ�� 0�-DLPH�� 5HY��0RG��3K\V��� ���

�������������
� ���(�'DJRWWR��7�+RWWD��$�0RUHR��3K\V��5HS�������

�����������
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� ���9�$�5\]KRY�� $�9�/D]XWD�� 9�3�.KDYURQLQ� HW

DO���6ROLG�6WDWH�&RPPXQ���������������������
� ���,�2�7UR\DQFKXN�� 9�$�.KRPFKHQNR�� 0�7RYDU
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)LJ�����7HPSHUDWXUH�GHSHQGHQFHV�RI�WKH�UHVR�
QDQFH� ILHOG��+UHV�Û�SDQHO� �D��� WKH� UHOD[DWLRQ
UDWH� RI� PDJQHWL]DWLRQ�� *� Û� SDQHO� �E��� DQG
DPSOLWXGH� RI� WKH� VLJQDO��$6�Û� SDQHO� �F�� IRU
GLIIHUHQW� WHPSHUDWXUH� UHJLPHV� �FORVH�V\PEROV
Û�VORZ�FRROLQJ��RSHQ�V\PEROV�Û�VORZ�KHDWLQJ
DIWHU�VORZ�FRROLQJ���,Q�7�UDQJH��������.�!�7�!
������WKH�VSHFWUD�SDUDPHWHUV�DUH�IRXQG�IURP�ILW
E\�RQH�/RUHQW]LDQ�IRU�FRROLQJ�DW�+� ����=)&�Û
FLUFOHV���IRU�FRROLQJ�DW�+� ���N2H��)&�Û�WUL�
DQJOHV�GRZQ���DQG�IRU�VORZ�KHDWLQJ�DIWHU�IDVW
FRROLQJ� �)=)&� Û� FURVVHV��� ,Q� 7�UDQJHV� �
�����.t7�!���� .�� DQG� �� ����� .t7t����.��
WKH� ILWV� E\� WKUHH� DQG� IRXU� /RUHQW]LDQV�� UH�
VSHFWLYHO\� �VHH� WKH� WH[W�� DUH� HPSOR\HG�� DQG
WKH�SDUDPHWHUV� LQ�RQO\�IRU�WKH�=)&�DQG�=)+
UHJLPHV�DUH�GLVSOD\HG��6WDUV�DQG�VTXDUHV�DUH
XVHG� IRU� WZR� OLQHV� RI� WKH� QRUPDO� SKDVH�� FLU�
FOHV�DQG�WULDQJOHV�XS�FRUUHVSRQG�WR�WZR�OLQHV
RI�WKH�DQRPDORXV�SKDVH��
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