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LQ� D� VROLG� DPRUSKRXV� VROXWLRQ� RI� WKH� SRO\PHU� KDV� PDGH� LW� SRVVLEOH� WR� HVWDEOLVK� WKH
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WKH�FRSRO\PHU�LV�REVHUYHG�
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���,QWURGXFWLRQ
0XFK�DWWHQWLRQ�KDV�EHHQ�SDLG�DQG�VWLOO�LV

SDLG� WR� WKH�SUREOHP�RI�HQHUJ\�PLJUDWLRQ� LQ
RUJDQLF� PDFURPROHFXOHV� FDUU\LQJ� FKURPR�
SKRUH�JURXSV� LQ�D� VLGH�FKDLQ� >�Ü�@��7KH� LQ�
WHUHVW�LQ�WKDW�SUREOHP�LV�GHILQHG�E\�WKH�SRV�
VLELOLW\�WR�PDNH�XVH�RI�WKH�HQHUJ\�PLJUDWLRQ
DORQJ� FKURPRSKRUH� XQLWV� RI� D� PDFURPROH�
FXOH� IRU� HQHUJ\� WUDQVIHU� WR� VRPH� UHDFWLRQ
FHQWHUV� �WKH� VR�FDOOHG� DQWHQQD� HIIHFW�� >�@�
7KH� PDLQ� SUREOHP� LQ� GHVLJQLQJ� RI� PDFUR�
PROHFXOH� SURYLGLQJ� DQ� HIILFLHQW� HQHUJ\
WUDQVIHU� DORQJ� WKH� FKDLQ� LV� FRQQHFWHG� ZLWK
VHOI�RUJDQL]LQJ� HQHUJ\� WUDSV� DSSHDULQJ� LQ
WKH�PDFURPROHFXOH� FKURPRSKRUH� VXEV\VWHP�
([FLPHU� RU� H[FLSOH[� IRUPDWLRQV� �()�� DUH
PRVW� RIWHQ� UHJDUGHG� DV� VXFK� WUDSV�� 7KH\
RFFXU�ZKHQ� WZR�FKURPRSKRUH��RQH�RI�ZKLFK
LV� H[FLWHG�� DUH� SODFHG� LQ� D� FORVH� SUR[LPLW\
>�Ü�@��6XFK�IRUPDWLRQV�DUH�REVHUYHG�SUDFWL�
FDOO\� LQ� DOO� PDFURPROHFXOHV� FRQWDLQLQJ� DUR�
PDWLF� FKURPRSKRUH� JURXSV�� 6RPH� DXWKRUV

>����@�HYHQ�SURSRVHG�D�ZD\�WR�PLQLPL]H�WKH
DPRXQW� RI� VXFK� ()� WUDSV� E\� SURYLGLQJ� WKH
DOWHUQDWLYH�V\VWHPV��,W�LV�WR�QRWH�WKDW�WUDQV�
SRUW� SURSHUWLHV� RI� SRO\PHU� PROHFXOHV� ZHUH
PRVWO\� VWXGLHG� LQ� VROXWLRQV� RI� PDFURPROH�
FXOHV�� %XW� DV� IDU� DV� ()� GHSHQG� RQ� PXWXDO
DUUDQJHPHQW� RI� FKURPRSKRUH� SHQGDQW
JURXSV��WKHLU�SURSHUWLHV�PXVW�GHSHQG�RQ�WKH
SRO\PHU�PDWUL[�VWDWH��6R� LQ�SRO\VW\UHQH�VR�
OXWLRQ��ZH�FDQ�REVHUYH�QRW�RQO\�SKHQ\O�FKUR�
PRSKRUH� SHDN� ����� QP�� EXW� DOVR� ()� SHDN
�����QP�� >��@��2Q� WKH�FRQWUDU\�� LQ�SRO\VW\�
UHQH� ILOPV�� WKH� RQO\� VLQJOH� ()� SHDN� DW
���� QP� LV� REVHUYHG� >�@�� 7KHUHIRUH�� WR� UHDO�
L]H�WKH�DQWHQQD�HIIHFW�LQ�VROLG�SRO\PHU��LW�LV
LPSRUWDQW� WR� NQRZ� WKH� W\SH� RI� WUDSV
WKHUHLQ��:KLOH�WKLV�SUREOHP�LV�PRUH�RU� OHVV
VDWLVIDFWRU\� VWXGLHG� IRU� SRO\VW\UHQH�PDFUR�
PROHFXOHV�� LW� LV� HVVHQWLDOO\� QRW� LQYHVWLJDWHG
IRU� PROHFXOHV� ZLWK� PRUH� FRPSOH[� FKURPR�
SKRUH� VWUXFWXUH�� 7KH� PDLQ� SXUSRVH� RI� WKH
SUHVHQW�ZRUN�LV�WR�VWXG\�WKH�SHFXOLDULWLHV�RI
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WUDS� VWDWHV� LQ� D� VROLG� VROXWLRQ� RI� PHWK\O
PHWKDFU\ODWH��00$��DQG���YLQ\OELSKHQ\O�

���([SHULPHQWDO
7KH�VWDUWLQJ�PDWHULDOV�IRU�VDPSOHV�SUHSD�

UDWLRQ� ZHUH� FRPPHUFLDOO\� DYDLODEOH� ��YLQ\O�
ELSKHQ\O�DQG�PHWK\O�PHWKDFU\ODWH��$OGULFK��
7KH� SURGXFWV� REWDLQHG� ZHUH� SXULILHG� E\� UH
FU\VWDOOL]DWLRQ� IURP� EHQ]HQH� IROORZHG� E\
FKURPDWRJUDSK\� RQ� VLOLFD� JHO�� 7P� �����&�7KH� VWHDG\�VWDWH� VSHFWUD� RI� DEVRUSWLRQ� DQG
HPLVVLRQ�ZHUH� VWXGLHG� DW� URRP� WHPSHUDWXUH
E\� PHDQV� RI� )OXRUR�0D[��� �+25,%$� -RELQ
,YRQ�,QF���VSHFWURIOXRURPHWHU��7KH�GHFD\�NL�
QHWLFV� ZDV� PHDVXUHG� E\� &RPELQHG� 6WHDG\
6WDWH� DQG� /LIHWLPH� 6SHFWURPHWHU� )/6����
�(GLQEXUJK� ,QVWUXPHQWV��� 7KH� H[FLWDWLRQ
VRXUFH� ZDV� D� QDQRVHFRQG� IODVK� ODPS� ZLWK
WKH���QV�SXOVH�ZLGWK�DQG����N+]�UHSHWLWLRQ
UDWH�

���5HVXOWV�DQG�GLVFXVVLRQ
7KH� OXPLQHVFHQFH� RI� ��SRO\YLQ\OELSKHQ\O

FKURPRSKRUH�PRLHWLHV�LV�PRVW�VLPLODU�WR�OX�
PLQHVFHQFH�RI�L]RSURS\OEHQ]HQH��ZKLFK�WKXV
ZDV�WDNHQ�DV�WKH�PRGHO�FRPSRXQG��,WV�RSWL�
FDO� SURSHUWLHV� FDQ� EH� FKDUDFWHUL]HG� ILUVW� RI
DOO� E\� SRVLWLRQV� RI� DEVRUSWLRQ� VSHFWUXP
PD[LPXP������QP��� OXPLQHVFHQFH�VSHFWUXP
PD[LPD� �����DQG�����QP���DQG�WKH�H[FLWHG
VWDWH� OLIHWLPH� RI� ����� QV� �LQ� KH[DQH� VROX�
WLRQ��>��@�

7KH� ��YLQ\OELSKHQ\O� OXPLQHVFHQFH� VSHF�
WUXP� PD[LPXP� LV� NQRZQ� WR� EH� VRPHZKDW
VKLIWHG�WR�WKH�ORQJ�ZDYH�UHJLRQ�DV�FRPSDUHG
WR� WKDW� RI� L]RSURS\OEHQ]HQH� DQG� ORFDWHG� DW
���� DQG� ���� QP� >��@�� ,Q� PHDVXUHG
00$��9%3+� OXPLQHVFHQFH� VSHFWUD� �)LJ�����
WKH�SHDN�FDXVHG�E\�WKH�FKURPRSKRUH�HPEHG�
GHG�LQ�WKH�SRO\PHU�FKDLQ������QP��DQG�GRX�
EOH� SHDN� DW� ���� DQG� ���� QP� ZDYHOHQJWKV
DUH� SURQRXQFHG�� 7KH� VDPH� SHDNV� �EXW� D
EURDG� RQH� LQVWHDG� RI� GRXEOH�� DUH� DOVR� RE�
VHUYHG� LQ� YLQ\OELSKHQ\O� VROXWLRQV� >������@�
7KRVH�DUH�XVXDOO\�H[SODLQHG�E\�WKH�()�SUHV�
HQFH� LQ� WKH� FKDLQ�� ,W� LV� WR� QRWH� WKDW� WKH
SUHVHQFH� RI� VXFK� ()� LV� XQH[SHFWHG� EHFDXVH
ELSKHQ\O� PROHFXOHV� DUH� ZHDNO\� DJJUHJDWLQJ
DQG� WKH� ()� DUH� HVVHQWLDOO\� XQREVHUYDEOH� LQ
ELSKHQ\O�VROXWLRQ�

7KH� H[FLPHUV� DUH� NQRZQ� WR� KDYH� QR� DE�
VRUSWLRQ� EDQG�� 6R� LI� WKH� GRXEOH� SHDN� RE�
VHUYHG� LQ� WKH� OXPLQHVFHQFH� VSHFWUXP� LV
FDXVHG� E\� ()�� WKHQ� LQ� H[FLWDWLRQ� VSHFWUXP
RQH� PXVW� REVHUYH� RQO\� SHDNV� RI� H[FLPHU
�FRQVWLWXHQWV�� �VLQJOH� FKURPRSKRUH� PRLH�
WLHV��DW�����QP��%XW�DV�LW�VHHQ�LQ�)LJ�����WKH
PD[LPXP� RI� FRSRO\PHU� H[FLWDWLRQ� LV� DW
����QP�ZDYHOHQJWK�ZKLFK� GLIIHUV� FRQVLGHU�

DEO\� IURP�WKH�H[SHFWHG�SRVLWLRQ��7KHUHIRUH�
WKH� FRQFOXVLRQ� FDQ� EH� PDGH� WKDW� WKH� OXPL�
QHVFHQFH� FHQWHUV� UHODWHG� WR� WKH� ORQJ�ZDYH
VSHFWUDO�EDQG�FDQQRW�EH�WKH�H[FLPHU�IRUPD�

)LJ����� /XPLQHVFHQFH� VSHFWUD� RI� PHWK\O�
PHWDFU\ODWH� FRSRO\PHU� ZLWK� �� �� DQG� ��� �
��YLQ\OELSKHQ\O�

)LJ����� /XPLQHVFHQFH� GHFD\� RI� PHWK\O
PHWDFU\ODWH�DQG���YLQ\OELSKHQ\O�FRSRO\PHU�DW
����QP�ZDYHOHQJWK�

)LJ�����([FLWDWLRQ�VSHFWUXP�RI�300$�����ZW���
��YLQ\OELSKHQ\O�� 2EVHUYDWLRQ� ZDYHOHQJWK
����QP�

$�)�$GDGXURY�HW�DO����7KH�QDWXUH�RI�WUDSSLQJ����

)XQFWLRQDO�PDWHULDOV������������� ���



WLRQV��7KH�HQHUJ\�OHYHOV�RI�WKDW�FHQWHU�H[LVW
DOVR�LQ�WKH�JURXQG��XQH[FLWHG��VWDWH�

7KH� OXPLQHVFHQFH� GHFD\� WLPHV� RI� YLQ\O�
ELSKHQ\O� PHDVXUHG� DW� ���� QP� DQG� ���� QP
ZDYHOHQJWKV� XQGHU� H[FLWDWLRQ� E\� D� SXOVH
���� QP� OLJKW� VRXUFH� DSSHDUHG� WR� EH� WKH
VDPH�DQG�HTXDO�WR������QV��)LJ������7KH�RE�
VHUYHG�FRLQFLGHQFH�RI�OXPLQHVFHQFH�WLPHV�DW
GLIIHUHQW�ZDYHOHQJWKV�VKRZV�D�FORVH�UHODWLRQ
RI� ORQJ�ZDYH� OXPLQHVFHQFH� FHQWHUV�ZLWK� WKH
FRSRO\PHU� FKURPRSKRUH� JURXSV� UDWKHU� WKDQ
D� SUHVHQFH� RI� OXPLQHVFHQW� LPSXULW\� PROH�
FXOHV�� 1RWH� WKDW� WKH� GHFD\� WLPH� GLG� QRW
FKDQJHG� ZLWK� YLQ\OELSKHQ\O� FRQFHQWUDWLRQ
XS�WR����ZW����:KHQ�WKH�FRQWHQW�RI�YLQ\O�
ELSKHQ\O� LQ�00$��9%3+� FRSRO\PHU� LV� LQ�
FUHDVHG��WKHUH�LV�D�JUDGXDO�GHFUHDVLQJ�RI�WKH
VSHFWUXP�VKRUW�ZDYH�SDUW��7KH�OXPLQHVFHQFH
RI� c�9%3+� KRPRSRO\PHU� FRQVLVWV� HVVHQ�
WLDOO\� RI� WKH� ORQJ�ZDYH� SDUW� RQO\� �)LJ�����
$V� LW� VHHQ� LQ� WKH� )LJXUH�� LQ� WKH� OXPLQHV�
FHQFH�VSHFWUD�RI�ERWK�WKH�c�9%3+�KRPRSR�
O\PHU�DQG�WKH�FRSRO\PHU��D�ZHDN�VKRUW�ZDYH
SHDN� UHODWHG� WR� FKURPRSKRUH� PRLHW\� OXPL�
QHVFHQFH�FDQ�EH�DOORFDWHG��7KH�SHDN�RI�ORQJ�
ZD\�OXPLQHVFHQFH�LV�VKLIWHG�WRZDUGV�WKH�UHG
UHJLRQ�QHDUO\�E\����QP�DV�FRPSDUHG�WR�WKH
FRSRO\PHU�

7R� HOLPLQDWH� WKH� LQIOXHQFH� RI� OXPLQHV�
FHQFH� RI� QRQ�SRO\PHUL]HG� DJJUHJDWHV� RI
YLQ\OELSKHQ\O� PROHFXOHV�� WKH� SRO\PHU� ZDV
GLVVROYHG�LQ�WROXHQH�DQG�WKHQ�UHSUHFLSLWDWHG
LQ� WHWUDK\GURIXUDQ��$IWHU� UHSHDWHG� GLVVROX�
WLRQ�DQG�SUHFLSLWDWLRQ��WKH�REWDLQHG�SRO\PHU
ZDV�SUHFLSLWDWHG�RQWR�D�TXDUW]�VXEVWUDWH��,W
ZDV� IRXQG� WKDW� LQ� WKH� OXPLQHVFHQFH� VSHF�
WUXP�RI�WKH�VDPSOH�REWDLQHG�LQ�VXFK�D�ZD\�
WKH� SHDN� RI� FKURPRSKRUH� OXPLQHVFHQFH� DW
���� QP� ZDYHOHQJWK� LV� WRWDOO\� DEVHQW
�)LJ�����

,I�WKH�RULJLQ�RI�REVHUYHG�OXPLQHVFHQFH�LV
FRQQHFWHG�ZLWK�PXWXDO� VWDFNLQJ�RI� FKURPR�

SKRUH� JURXSV� LQ� SRO\ELSKHQ\O� PDFURPROH�
FXOHV�� WKHQ� WKH� DEVHQFH� RI� VSHFLILF� SHDN� DW
����QP�PD\�EH�FDXVHG�E\�D�KLJKHU�RUGHULQJ
GHJUHH�LQ�SUHFLSLWDWHG�SRO\ELSKHQ\O�ILOPV��,Q
WKLV� FDVH�� WKH� H[FLWDWLRQ� VSHFWUXP� �)LJ����
DQG� DEVRUSWLRQ� VSHFWUXP� �)LJ����� RI� RE�
WDLQHG� ILOPV� KDYH� WKH� VSHFLILF�PD[LPXP� DW
����QP��1RWH�WKDW�WKH�LQWHQVLW\�RI�WKDW�DE�
VRUSWLRQ� SHDN� LV� PXFK� ORZHU� WKDQ� WKDW� RI
FKURPRSKRUH�JURXSV�

7KH� OXPLQHVFHQFH� GHFD\� FXUYHV� IRU
c�9%3+� KRPRSRO\PHU� DUH� SUHVHQWHG� LQ
)LJ�����$V�LV�VHHQ�FRPSDULQJ�)LJ����DQG�)LJ�
��� WKH� OLIHWLPH� LV� GHFUHDVHG� IURP����QV� IRU
FRSRO\PHU� WR� �� QV� IRU� KRPRSRO\PHU�� 7KH
OLIHWLPH�RI�SUHFLSLWDWHG�VDPSOH� LV�VRPHZKDW
OHVVHU� FRPSDULQJ� WR� EXON� SRO\YLQ\OELSKHQ\O
VDPSOH�

7KH� REVHUYHG� OXPLQHVFHQFH� SURSHUWLHV� RI
00$��9%3+�FRSRO\PHUV�FDQ�EH�VDWLVIDFWRU\
GHVFULEHG�E\�WKH�IRUPDWLRQ�PRGHO�RI�H[FLWRQ�
OLNH�FROOHFWLYH�VWDWHV�VWDWHV�ZKLFK�DUH�XVXDOO\
REVHUYHG�LQ�PROHFXODU�FU\VWDOV��7KHVH�SURSHU�
WLHV� DUH� PRVW� SURQRXQFHG� LQ� -�DJJUHJDWHV
>��@��7KH�VSDWLDO�DUUDQJHPHQW�ULJLGLW\�RI�WKH

)LJ�����/XPLQHVFHQFH� VSHFWUXP� RI�c�9%3+
KRPRSRO\PHU�ILOP�

)LJ�����$EVRUSWLRQ� VSHFWUXP� RI� c�9%3+� KR�
PRSRO\PHU�ILOP�

)LJ����� /XPLQHVFHQFH� DQG� H[FLWDWLRQ� VSHFWUD
RI�c�9%3+�KRPRSRO\PHU�ILOP�
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FKURPRSKRUHV� LQ� 00$��9%3+� DQG
c�9%3+� PDFURPROHFXOHV� PD\� UHVXOW� LQ
WKHLU�IODWWHQLQJ��,W�LV�WR�QRWH�WKDW�WKH�DQJOH
EHWZHHQ�WKH�SKHQ\O�SODQHV�LQ�ELSKHQ\O�PROH�
FXOH�LV������ZKLFK�LQ�WXUQ�PXVW�LQFUHDVH�WKH
LQWHUPROHFXODU� FKURPRSKRUH� LQWHUDFWLRQ�
7KLV� LQWHUDFWLRQ� FDQ� FDXVH� D� ORZHULQJ� RI
JURXQG� VWDWH� HQHUJ\� ZKLFK� LV� DFWXDOO\� RE�
VHUYHG� LQ� llk�9%3+� FRSRO\PHUV�� %XW� LQ
WKH� FRSRO\PHU�� WKHUH� LV� D� KLJK� SUREDELOLW\
GR� QRW� KDYH� WKH� VDPH� FKURPRSKRUHV� LQ� D
FORVH� SUR[LPLW\�� 7KHUHIRUH�� LQ� WKH� FRSRO\�
PHU� OXPLQHVFHQFH� VSHFWUXP�� ZH� REVHUYH
SHDNV�RI�VLQJOH�ELSKHQ\O�PRLHWLHV�DW�����QP
EHVLGHV� WKH� SHDN� RI� ERQGHG� LQWHUFKURPR�
SKRUH�JURXS��WKH�PD[LPXP�RI�YLQ\OELSKHQ\O
OXPLQHVFHQFH� LV� DW� ���� QP���:KHQ� FRQFHQ�
WUDWLRQ�RI�FKURPRSKRUH�JURXSV�LV�LQFUHDVHG�
WKH� IRUPDWLRQ� RI� FROOHFWLYH� VWDWHV� LQFOXGLQJ
D� ODUJHU� QXPEHU� RI� FKURPRSKRUHV� EHFRPHV
SRVVLEOH��7KH� HQHUJ\� RI� WKHVH� VWDWHV� LV� ORZ�
HUHG�� ZKLFK� LV� REVHUYHG� LQ� OXPLQHVFHQFH
VSHFWUD�� ,QGHHG�� WKH� REVHUYHG� VSHFWUXP� RI
KRPRSRO\PHU� OXPLQHVFHQFH� LV� VKLIWHG� LQWR
WKH�UHG�UHJLRQ�QHDUO\�E\����QP�

7KH� VHFRQG� PDQLIHVWDWLRQ� RI� H[FLWHG
VWDWHV�JURXSLQJ�LV�WKHLU�OLIHWLPH�GHFUHDVH��,W
LV�NQRZQ�WKDW�WKH�OXPLQHVFHQFH�WLPH�RI�FRO�
OHFWLYH�VWDWHV�PXVW�GHFUHDVH�LQ�SURSRUWLRQ�WR
WKH� QXPEHU� RI� FRKHUHQWO\� ERXQG�PROHFXOHV�
7KH� PDLQ� IDFWRU� DIIHFWLQJ� WKLV� HIIHFW� LQ
SRO\PHU� V\VWHPV� LV� WKH� WRSRORJLFDO� DQG� G\�
QDPLFDO� GLVRUGHU� IDFWRU� >��@�� 7KLV� IDFWRU
FDXVHV� D� GHSKDVLQJ� RI� FROOHFWLYH� VWDWHV

ZKLFK� DIIHFWV� WKHLU� OLIHWLPHV�� 7KHUHIRUH�� LW
FDQ� EH� VDLG� WKDW� WKH� OLPLWLQJ� OLIHWLPHV� RI
FROOHFWLYH� IRUPDWLRQV� DUH� FKDQJHG� EHWZHHQ
W��1F� LQ� 00$��9%3+� DQG� W�� LQ� c�9%3+KRPRSRO\PHU�

���&RQFOXVLRQ
7KH� VWXG\� RI� RSWLFDO� SURSHUWLHV� RI

00$��9%3+�FRSRO\PHU�VROLG�VROXWLRQV�DQG
c�9%3+�KRPRSRO\PHU�KDV�DOORZHG�XV�WR�HV�
WDEOLVK� WKH� LQIOXHQFH� RI� WKH� PDFURPROHFXOH
SKDVH� FRPSRVLWLRQ� RQ� WKH� OXPLQHVFHQFH
SURSHUWLHV��7KH�REVHUYHG�FROOHFWLYH�VWDWHV�LQ
SRO\YLQ\OELSKHQ\O� ZKLFK� LQFOXGH� VHYHUDO
FKURPRSKRUH�PRHLWLHV�RI�WKH�PDFURPROHFXOH
FDQ�HIIHFWLYHO\�FROOHFW�WKH�H[FLWDWLRQ�HQHUJ\
RI� FKURPRSKRUH� JURXSV� DQG� UHHPLW� LW� LQ
���� QP� UHJLRQ� ZKLFK� LV� WUDGLWLRQDOO\� XVHG
IRU� RSWLFDO� UDGLDWLRQ� UHJLVWUDWLRQ� E\� 307�
7KH� SRVVLEOH� RUGHULQJ� RI� PDFURPROHFXOH
FKURPRSKRUH� JURXSV� FDQ� VLJQLILFDQWO\� GH�
FUHDVH�WKH�OLIHWLPH�RI�H[FLWHG�VWDWHV�ZLWKRXW
VLJQLILFDQW� ORVV� RI� HQHUJ\�� 7KH� VHDUFK� IRU
V\VWHPV�ZLWK�RUGHUHG�FKURPRSKRUH�PRLHWLHV
LQ�D�PDFURPROHFXOH�LV�WKH�ZD\�WR�REWDLQ�WKH
IDVW� OXPLQHVFHQFH� V\VWHPV� UHTXLUHG� WR� GH�
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