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���,QWURGXFWLRQ
7KH�VWUXFWXUH�RI�SRO\PHU�PDWHULDOV�LV�WKH

PDLQ� IDFWRU� GHILQLQJ� WKHLU� SK\VLFDO� DQG
IXQFWLRQDO�FKDUDFWHULVWLFV��7KLV�H[SODLQV�WKH
JUHDW� LQWHUHVW� LQ� VWXGLHV�RI�GLIIHUHQW� VWUXF�
WXUDO� SUREOHPV� DQG� WKH� DSSHDUDQFH� RI� QX�
PHURXV� RULJLQDO� ZRUNV� DQG� PRQRJUDSKV� LQ
WKLV� DUHD� >�Ü�@��0RVW� RI� WKH� VWXGLHV� LQ� WKH
ILHOG� RI� EORFN� FRSRO\PHUV� DUH� GHYRWHG� WR
WKRVH� FRQWDLQLQJ� WKHUPRG\QDPLFDOO\� LPPLV�
FLEOH� RU� OLPLWHGO\� PLVFLEOH� SRO\PHU� FRPSR�
QHQWV�>�Ü�@��+RZHYHU��WKH�EORFN�FRSRO\PHUV
ZLWK�FKHPLFDOO\�FRPSOHPHQWDU\�FRPSRQHQWV�

ZKLFK�DUH�FDSDEOH�RI�IRUPLQJ�WKH�V\VWHP�RI
FRRSHUDWLYH�QRQ�FRYDOHQW�ERQGV�VXFK�DV�HOHF�
WURVWDWLF� RU� K\GURJHQ� ERQGV�� DUH� RI� VSHFLDO
LQWHUHVW�� 7KHVH� EORFN� FRSRO\PHUV� EHORQJ� WR
WKH� FODVV� RI� LQWUDPROHFXODU� SRO\FRPSOH[HV
�,QWUD3&�� >�@�� 7KH� EORFN� VWUXFWXUH� RI� ,Q�
WUD3&V�LQ�GHSHQGHQFH�RQ�WKH�WRWDO�DQG�UHOD�
WLYH�OHQJWK�RI�SRO\PHU�FRPSRQHQWV�DQG�WKHLU
FKDUDFWHU��DPRUSKRXV�RU�FU\VWDOOLQH��KDV�QRW
EHHQ�VXIILFLHQWO\�ZHOO�VWXGLHG��

,Q� UHFHQW� \HDUV� VLJQLILFDQW� DWWHQWLRQ� KDV
EHHQ� SDLG� WR� 3(2�FRQWDLQLQJ� GLEORFN� DQG
WULEORFN� FRSRO\PHUV� >�@�� ZKLFK� KDYH� PDQ\
SRWHQWLDO�DSSOLFDWLRQV�DV�LRQ�FRQGXFWLQJ�PD�

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�67&��,QVWLWXWH�IRU�6LQJOH�&U\VWDOV�

��� )XQFWLRQDO�PDWHULDOV�������������



WULFHV� LQ� GLIIHUHQW� HOHFWURFKHPLFDO� GHYLFHV�
LQ� SDUWLFXODU�� LQ� VROLG�VWDWH� OLWKLXP� EDWWHU�
LHV�>�@��'XH�WR�WKH�SUHVHQFH�RI�FU\VWDOOL]DEOH
3(2�FKDLQV�LQ�WKH�VWUXFWXUH�RI�EORFN�FRSRO\�
PHUV�DORQJVLGH�ZLWK�DPRUSKRXV�FRPSRQHQWV
VXFK� DV� SRO\�SURS\OHQH� R[LGH��� SRO\VW\UHQH�
SRO\>DON\O�PHWK�DFU\ODWHV@��LW�FDQ�EH�SRVVLEOH
WR� UHGXFH� VKDUSO\� WKH� XQGHVLUDEOH� FU\VWDO�
OL]DWLRQ�RI�3(2��WKXV�PDLQWDLQLQJ��KLJK�PR�
ELOLW\� RI� LWV� VHJPHQWV� DQG� HQVXULQJ� D� KLJK
OHYHO� RI� WKH� EORFN� FRSRO\PHU� FRQGXFWLYLW\
>�@��7KH�ODUJHVW�GHFUHDVH�LQ�WKH�FU\VWDOOLQLW\
GHJUHH�ZDV� REVHUYHG� LQ� WKH� WULEORFN�FRSRO\�
PHUV� ZLWK� 3(2� FHQWUDO� EORFN� DQG� WZR� VLGH
DPRUSKRXV� EORFNV� >����@�� :KHQ� WKH� OHQJWK
RI� VLGH� EORFNV�EHFDPH� ODUJHU� WKDQ�D�FHUWDLQ
FULWLFDO� YDOXH�� ZKLFK� GHSHQGHG� RQ� WKHLU
FKHPLFDO� QDWXUH� DQG� 3(2� OHQJWK�� WKH
WULEORFN�FRSRO\PHUV�FRPSOHWHO\�ORVW�WKHLU�FD�
SDELOLW\�RI�FU\VWDOOL]DWLRQ�>�@��$Q�DGGLWLRQDO
GHFUHDVH� LQ� 3(2� FU\VWDOOLQLW\� DQG� LQFUHDVH
LQ�WKH�FRQGXFWLYLW\�FRXOG�EH�H[SHFWHG�LQ�WKH
3(2�FRQWDLQLQJ� EORFN� FRSRO\PHUV� IRUPLQJ
,QWUD3&V��WKRXJK�LRQLF�FRQGXFWLYLW\�RI�VXFK
FRSRO\PHUV�ZDV�QRW�VWXGLHG�

3RO\DFU\ODPLGH� �3$$P�� DQG� SRO\�HWK\O�
HQH�R[LGH���3(2��DUH�D�FRXSOH�RI�FKHPLFDOO\
FRPSOHPHQWDU\�SRO\PHUV�WKDW�IRUP�D�K\GUR�
JHQ�ERQGHG� LQWHUPROHFXODU� SRO\FRPSOH[� �,Q�
WHU3&�� DW� WKHLU� PL[LQJ� LQ� DTXHRXV�PHGLXP
>��@�� 7KH� H[LVWHQFH� RI� +�ERQG� V\VWHP� EH�
WZHHQ� 3(2� DQG� 3$$P� FKDLQV� ZDV� SURYHG
DOVR� LQ� WKH� 3$$P�E�3(2�E�3$$P� WULEORFN
FRSRO\PHUV� �7%&V�� >��@��$OVR��DQ� LPSRUWDQW
HIIHFW� RI� D� VWURQJHU� LQWHUDFWLRQ� RI� FRYD�
OHQWO\� ERXQG� 3(2� DQG� 3$$P� FKDLQV� LQ
7%&V�DV�FRPSDUHG� WR� WKH�SRO\PHU�PL[WXUHV
ZLWK� WKH� VDPH� FRQWHQW� KDV� DOVR� EHHQ� HVWDE�
OLVKHG��,W�ZDV�VKRZQ�>��@�WKDW�GXH�WR�H[LVW�
HQFH� RI� ORQJ� DPRUSKRXV� FKDLQV� RI� 3$$P
DQG� WKH� ,QWUD3&� IRUPDWLRQ�� WKH�7%&� VWUXF�
WXUH�SUHVHUYHG�LWV�DPRUSKRXV�FKDUDFWHU�DOVR
DW� D� ODUJH� OHQJWK� RI� WKH� 3(2� FHQWUDO� EORFN
�XS� WR�0Y�a���� N'D��� 7KHUPRG\QDPLF� FRP�SDWLELOLW\� RI� 3(2� DQG� 3$$P� EORFNV� HVVHQ�
WLDOO\� LPSURYHG�DIWHU� WUDQVLWLRQ�RI�7%&�VDP�
SOHV� WKURXJK� WKH�PHOWLQJ� SRLQW�� UHVXOWLQJ� LQ
WKH� FRSRO\PHU� VWUXFWXUH� EHFRPLQJ� VWLOO�PRUH
KRPRJHQHRXV�>��@��7KHVH�IDFWV��DV�ZHOO�DV�WKH
NQRZQ�DELOLW\�RI�3(2�R[\JHQ�DWRPV�>����@�DQG
3$$P�DPLGH� JURXSV� >��@� WR� DWWDFK�/L�� LRQV�
ZHUH�WKH�PDLQ�UHDVRQ�WR�SURFHHG�ZLWK�GHWDLOHG
LQYHVWLJDWLRQV� RI� 7%&� EXON� VWUXFWXUH� DQG� WR
VWXG\�WKH�LRQLF�FRQGXFWLYLW\�RI�WKHLU�FRPSRVL�
WLRQV�ZLWK�OLWKLXP�VDOW��/L3)����

���([SHULPHQWDO�SURFHGXUH
6\QWKHVHV�� ,Q� 7%&� V\QWKHVHV� ZH� XVHG

SRO\�HWK\OHQH� JO\FRO�� ZLWK�0Y� ��� �3(*���

��� �3(*���� ��� �3(*���� ���� �3(*��� DQG
��� N'D� �3(*��� REWDLQHG� IURP� $OGULFK�
86$�� FHULXP� DPPRQLXP� QLWUDWH� �LQLWLDWRU�
IURP�WKH�VDPH�VRXUFH��DV�ZHOO�DV�DFU\ODPLGH
�$$�� UH�FU\VWDOOL]HG� IURP� FKORURIRUP
�0HUFN��*HUPDQ\��� 7KH� V\QWKHVHV�ZHUH� FDU�
ULHG� RXW� LQ� GHLRQL]HG� ZDWHU� E\� WKH� UDGLFDO
EORFN�FRSRO\PHUL]DWLRQ�ZLWK�SDUWLFLSDWLRQ�RI
3(2� UDGLFDOV�� ZKLFK� ZHUH� IRUPHG� GXH� WR
UHGR[� UHDFWLRQ� EHWZHHQ� WHUPLQDO� K\GUR[\O
JURXSV� DQG� FHULXP� �,9�� LRQV� >�����@�� 7KH
VDPSOHV� RI� 7%&�Ü7%&�� �DFFRUGLQJ� WR� WKH
QXPEHU�RI�LQLWLDO�3(*��ZHUH�REWDLQHG�DW�WKH
FRQVWDQW� PRODU� UDWLRV� RI� WKH� UHDJHQWV�
>&H,9@�>3(*@� ��� DQG� >&H,9@�>$$@� �����Ü��
$W�WKH�VDPH�WLPH��WKH�WRWDO�FRQFHQWUDWLRQ�RI
DOO�WKH�UHDJHQWV�ZDV�LQFUHDVHG�E\������WLPHV
LQ� WKH� FDVH� RI�7%&��� 7%&�� DQG�7%&���7KH
UHDFWLRQ�EOHQG�ZDV�PL[HG�LQ�DQ�LQHUW�DWPRV�
SKHUH� DW� ���&� IRU� ��� K�� +RPRSRO\PHUL]D�
WLRQ�RI�$$�ZDV�FDUULHG�RXW�LQ�VLPLODU�FRQGL�
WLRQV� XVLQJ� HWKDQRO� LQVWHDG� RI� 3(*
�>&H,9@�>&�+�2+@� �����7KH��FR�SRO\PHU�VDP�SOHV� ZHUH� UH�SUHFLSLWDWHG� E\� DFHWRQH�� GLV�
VROYHG�LQ�ZDWHU�DQG�IUHH]H�GULHG���

7KH�PROHFXODU�VWUXFWXUH�FKDUDFWHUL]DWLRQ�
,Q� RUGHU� WR� FRQILUP� WKH� FKHPLFDO� VWUXFWXUH
RI� 7%&V� DQG� WR� GHWHUPLQH� WKH� PROHFXODU
ZHLJKWV� RI� 3$$P� EORFNV� DQG� 7%&� PDFUR�
PROHFXOHV�� WKH� QXFOHDU� PDJQHWLF� UHVRQDQFH
�105�� VSHFWURVFRS\� ZDV� DSSOLHG�� �+� 105
VSHFWUD�LQ�GHXWHUDWHG�ZDWHU��&� ����NJ�PÜ��
ZHUH�UHFRUGHG�DW�����0+]�DQG����&�XVLQJ�D
0HUFXU\����� LQVWUXPHQW� IURP� �9DULDQ�
�86$��� 7KH� FKHPLFDO� VKLIWV� �G�� ZHUH� GHWHU�
PLQHG�ZLWK�UHVSHFW�WR�WHWUDPHWK\OVLODQH�DV�D
UHIHUHQFH�� 7KH� UHODWLYH� LQWHJUDO� LQWHQVLWLHV
RI� WKH� SURWRQ� VLJQDOV� ZHUH� FDOFXODWHG� IURP
WKH�VSHFWUD�XVLQJ�1876�SURJUDP��0ROHFXODU
SDUDPHWHUV�RI�WZR�7%&�VDPSOHV�ZHUH�GHWHU�
PLQHG� DOVR� E\� DQ� HOHPHQWDO� DQDO\VLV�� 7KH
PROHFXODU� ZHLJKW� RI� 3$$P� ZDV� IRXQG� E\
YLVFRPHWU\��0Y� �����N'D���:LGH�DQJOH� ;�UD\� VFDWWHULQJ�� 7KH� EXON
VWUXFWXUH�RI�7%&V�ZDV�FKDUDFWHUL]HG�ILUVW�E\
:$;6�� 7KH� VFDWWHULQJ� SURILOHV� IRU� 7%&V�
3$$P� DQG� 3(*V� ZHUH� REWDLQHG� XVLQJ� D
'521����� ;�UD\� GLIIUDFWRPHWHU�� 7KH� FR�
SRO\PHU�ILOPV�ZHUH�FDVW�IURP�DTXHRXV�VROX�
WLRQV� RQWR� 7HIORQ� VXUIDFH� DQG� GULHG� LQ� D
YDFXXP� FDVH� IRU� RQH� ZHHN�� 7KH� ILOP� SLOHV
ZLWK� WKLFNQHVV� RI� a�� PP� ZHUH� XVHG� IRU
WKHVH� PHDVXUHPHQWV�� 7KH� PRQRFKURPDWLF
&X±.D�UDGLDWLRQ�ZLWK�O� �������QP��ILOWHUHGE\�1L�� ZDV� SURYLGHG� E\� DQ� ,5,6�0�� JHQHU�
DWRU�DW� WKH� RSHUDWLQJ�YROWDJH�RI����N9�DQG
FXUUHQW�RI����P$��7KH�VFDWWHULQJ�LQWHQVLWLHV
ZHUH� PHDVXUHG� E\� D� VFLQWLOODWLRQ� GHWHFWRU
VFDQQLQJ�LQ������VWHSV�RYHU�WKH�UDQJH�RI�WKH
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T� ��Ü����VFDWWHULQJ�DQJOHV��7KH�GLIIUDFWLRQ
FXUYHV� REWDLQHG� ZHUH� UHGXFHG� WR� HTXDO� LQ�
WHQVLWLHV�RI�WKH�SULPDU\�EHDP�DQG�HTXDO�YDO�
XHV�RI�WKH�VFDWWHULQJ�YROXPH�>��@��$OVR��WKH
QRUPDOL]DWLRQ�RI�H[SHULPHQWDO�VFDWWHULQJ�LQ�
WHQVLWLHV� ZDV� FDUULHG� RXW� DFFRUGLQJ� WR� WKH
IRUPXOD�

,Q�L��T�� �>,H[S�T����,E�T�@����,�e�,���� ���
ZHUH�,H[S�T�� DQG�,Q�L��T�� DUH� WKH�H[SHULPHQ�WDO� DQG� QRUPDOL]HG� LQWHQVLWLHV� LQ� :$;6
SURILOH�DV�D�IXQFWLRQ�RI�T��,E�T��LV�WKH�LQWHQ�
VLW\�RI�WKH�EDFNJURXQG�IRU�HYHU\�T�YDOXH��,�DQG� ,� DUH� WKH� LQWHQVLWLHV� RI� LQFLGHQW� DQG
VFDWWHUHG�EHDPV�DW�T� �����WKH�EHDP�DWWHQX�
DWLRQ� FRHIILFLHQW��� 0RUHRYHU�� WKH� DGGLWLYH
VFDWWHULQJ� FXUYHV� ZHUH� FDOFXODWHG� IRU
3(*�3$$P� PL[WXUHV�� FRPSRVLWLRQV� RI
ZKLFK� FRUUHVSRQGHG� WR� WKRVH� LQ� UHVSHFWLYH
7%&V��XVLQJ�WKH�UHODWLRQVKLS�

,Q�3$$P�3(*��T�� 
 �,Q�3$$P��T����Z3$$P���,Q�3(2��T����Z3(2�

����

ZKHUH�Z3$$P�DQG�Z3(2�DUH�WKH�ZHLJKW�IUDF�WLRQV�RI�3(2�DQG�3$$P�LQ�WKH�FRSRO\PHUV�
6PDOO�DQJOH� ;�UD\� VFDWWHULQJ�� 6$;6� H[�

SHULPHQWV� ZHUH� FDUULHG� RXW� XVLQJ� DQ� DXWR�
PDWHG� .UDWN\� VOLW�FROOLPDWHG� FDPHUD�� +HUH
ZH� XVHG� FRSSHU� DQRGH� HPLVVLRQ�� ZKLFK� ZDV
PRQRFKURPDWHG� E\� D� WRWDO� LQWHUQDO� UHIOHF�
WLRQ� DQG�QLFNHO� ILOWHU�� 7KH� LQWHQVLW\� FXUYHV
ZHUH�UHFRUGHG� LQ�WKH�VWHS�VFDQQLQJ�PRGH�RI
WKH� VFLQWLOODWLRQ� GHWHFWRU� LQ� WKH� T� �����Ü

����� UHJLRQ�� ZKLFK� FRUUHVSRQGHG� WR� WKH
ZDYHYHFWRU� UHJLRQ� T� ������Ü�����QPÜ�
>ZKHUH� T� ��S�VLQ�T����O@�� 7KXV�� WKH� PLFUR�
VFDOH� KHWHURJHQHRXV� GRPDLQV� ZLWK� GLPHQ�
VLRQV��HYDOXDWHG�DV��S�T��IURP���WR�����QP
FRXOG�EH�FKDUDFWHUL]HG��3UHOLPLQDU\�SURFHVV�
LQJ�RI�6$;6�SURILOHV�ZDV�FDUULHG�RXW�XVLQJ
WKH�))6$;6���SURJUDP� >��@��7R�UHGXFH�WKH
6$;6�GDWD�WR�WKH�DEVROXWH�VFDOH�D�VWDQGDUG
UHIHUHQFH�VDPSOH�IURP�WKH� ODERUDWRU\�RI�SUR�
IHVVRU�.UDWN\�ZDV�XVHG��7KH�VFDWWHULQJ�LQWHQ�
VLW\� RI� D� �FR�SRO\PHU� ZDV� QRUPDOL]HG� WR� WKH
VDPSOH�WKLFNQHVV�DQG�WKH�VFDWWHULQJ�LQWHQVLW\
RI�DQ�HWDORQ��,Q�RUGHU�WR�FDOFXODWH�WKH�PLFUR�
SKDVH�VWUXFWXUH�SDUDPHWHUV�WKH�UDZ�LQWHQVLW\
FXUYHV�ZHUH�VPRRWKHG��FRUUHFWHG�IRU�SDUDVLWLF
VFDWWHULQJ�DQG�GHVPHDUHG�

7KH� LRQLF� FRQGXFWLYLW\� PHDVXUHPHQWV�
7KH� ILOPV� �a�u��FP��� RI�SXUH�7%&��DQG� LWV
PL[WXUHV� ZLWK� OLWKLXP� SHUIOXRUR� SKRVSKDWH
ZHUH� FDVW� IURP�DTXHRXV� VROXWLRQV� RQWR�7HI�
ORQ� VXUIDFH� DQG� GULHG� RQ� DLU� IRU� �Ü�� GD\V
DQG� WKHQ� LQ� D� YDFXXP�FDVH�� 7KH� VSHFLILF
LRQLF� FRQGXFWLYLW\� ZDV� GHWHUPLQHG� E\� LP�
SHGDQFH� VSHFWURVFRS\� >��@�� $OO� WKH� H[SHUL�
PHQWV�ZHUH�FDUULHG�RXW�LQ�D�VSHFLDO�FHOO�ZLWK
3W�HOHFWURGHV�LQ�WKH�IUHTXHQF\�UHJLRQ������Ü
���� N+]� DW� 7� ����&� XVLQJ� D� 9ROWDODE
�86$��LQVWUXPHQW�ZLWK�D�FRPSXWHU�SURJUDP
9ROWDODE� 0DVWHU�� $FFRUGLQJ� WR� WKH� PHDVXU�
LQJ� SURWRFRO�� GU\� ILOPV� ZHUH� VTXHH]HG� EH�
WZHHQ�WKH�HOHFWURGHV�LQ�D�FHOO��,Q�VRPH�FDVHV
D�SODVWLFL]HU� HWK\OHQH�JO\FRO� �(*��ZDV�DGGL�
WLRQDOO\�LQWURGXFHG�LQ�WKH�FRPSRVLWLRQV��

)LJ����D��&KHPLFDO�IRUPXOD�RI�7%&V�DQG�H[DPSOHV�RI��+�105�VSHFWUD�IRU���E��3(*����F��3$$P�DQG
�G��7%&��LQ�'�2��7� ����&�
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���5HVXOWV�DQG�GLVFXVVLRQ
([DPSOHV� RI� �+�105� VSHFWUD� DUH� VKRZQ

LQ� )LJ����� 7KH� SURWRQ� VLJQDO� RI� PHWK\OHQH
JURXSV��D��ZLWK�G� ������SSP�ZDV�GLVSOD\HG
LQ�WKH�VSHFWUD�RI�3(*��)LJ���D���7KH�SURWRQ
VLJQDOV� RI� PHWKLQH� �E�� DQG� PHWK\OHQH� �J�
JURXSV� ZLWK� G� ����Ü���� DQG� ���Ü���� SSP�
UHVSHFWLYHO\��ZHUH�REVHUYHG�LQ�WKH�VSHFWUXP
RI� 3$$P� �)LJ���E��� 7KH� VSHFWUD� RI� WKH� FR�
SRO\PHU� VDPSOHV� FRQWDLQHG� DOO� WKH� VLJQDOV
SRLQWHG� �)LJ���F��� WKXV�FRQILUPLQJ�WKH�SUHV�
HQFH�RI�3(2�DQG�3$$P�EORFNV�LQ�7%&�PDF�
URPROHFXOHV�� 8VLQJ� WKH� LQWHJUDO� LQWHQVLWLHV
�$��RI�WKH�VLJQDOV�D�DQG�E�RU�D�DQG�J�DV�ZHOO
DV� WKH� NQRZQ� PROHFXODU� ZHLJKWV� RI� 3(*V�
WKH�PROHFXODU�ZHLJKWV�RI�3$$P�VLGH�EORFNV
ZHUH�FDOFXODWHG�DFFRUGLQJ�WR�

0Q�3$$P� �
����0��3$$P���03(2���$E

0��3(2���$D
�

RU

0Q�3$$P� �
0��3$$P���03(2���$F

0��3(2���$D
� ���

+HUH�0�� 3$$P� DQG�0�� 3(2� DUH� WKH�PR�OHFXODU� ZHLJKWV� RI� 3(2� DQG� 3$$P� XQLWV�
6XFK� FDOFXODWLRQV� IRU� EORFN� FRSRO\PHUV� DUH
ZLGHO\� XVHG� LQ�PRGHUQ� OLWHUDWXUH� >��@�� 7KH
PROHFXODU� ZHLJKWV� RI� 7%&V�ZHUH� FDOFXODWHG
E\�HTXDWLRQ�

07%&� �����03$$P���03(2�� ���
0ROHFXODU� SDUDPHWHUV� RI� 7%&V� IRXQG� E\

HOHPHQWDO� DQDO\VLV� DQG� �+� 105� DUH� VKRZQ
LQ�7DEOH���� ,W� FDQ�EH� VHHQ� WKDW�7%&�Ü7%&�
VDPSOHV� FRQVWLWXWH� D� VHULHV� RI� WKH� FRSRO\�
PHUV� ZLWK� LQFUHDVLQJ� OHQJWK� RI� 3(2� DQG
3$$P�EORFNV�

7KH�UHVXOWV�RI�VWUXFWXUDO�VWXGLHV�RI�3(*�
3$$P�DQG�7%&V�E\�:$;6�DUH�SUHVHQWHG�LQ

)LJ�����:$;6�SURILOH�RI�3$$P��)LJ���D��FRQ�
WDLQHG�WZR�GLIIXVLYH�RYHUODSSHG�PD[LPXPV�LQ
IXOO�DFFRUGDQFH�ZLWK�>��@��7KLV�HIIHFW�FRXOG�EH
DWWULEXWHG� WR� WKH�SUHVHQFH�RI� WZR� V\VWHPV�RI
SODQHV� RI� D� SDUDFU\VWDOOLQH� ODWWLFH� LQ� WKH
3$$P�DPRUSKRXV�VWUXFWXUH�>��@��

7KH�ILUVW�PD[LPXP��T�a������ZLWK�VPDOOHU
LQWHQVLW\� FKDUDFWHUL]HG� WKH� ODWHUDO� SHUL�
RGLFLW\�LQ�WKH�DUUDQJHPHQW�RI�3$$P�FKDLQV
>��@�� 7KH� VHFRQG� RQH� �T� �������� ZLWK
JUHDWHU�LQWHQVLW\�ZDV�FDXVHG��DFFRUGLQJ�WR�WKH
GDWD�RI�)7,5�VSHFWURVFRS\�>��@��E\�D�SHULRGLF
DUUDQJHPHQW�RI�WKH�IODW�K\GURJHQ�ERQGHG�FLV�
GLPPHUV�RI�DPLGH�JURXSV�LQ�WKH�VWUXFWXUHV�RI
FLV�WUDQV�PXOWLPHUV�� 7KH� DYHUDJH� LQWHUSODQH
GLVWDQFHV�LQ�WKH�3$$P�SDUDFU\VWDOOLQH�ODWWLFH
ZHUH�IRXQG�XVLQJ�����>��@�

G� � O
����VLQ�T�e���� ���

ZKHUH� O� LV� WKH� ZDYHOHQJWK� RI� ;�UD\� UDGLD�
WLRQ��7KH\�DUH�SUHVHQWHG�LQ�7DEOH����:$;6
SURILOHV� RI� 3(*V� �RQH� H[DPSOH� LV� VKRZQ� LQ

7DEOH����0ROHFXODU�SDUDPHWHUV�RI�WKH�WULEORFN�FRSRO\PHUV�IRXQG�E\�����HOHPHQWDO�DQDO\VLV�DQG����
105�VSHFWURVFRS\�
&RSRO\PHU 0HWKRG 0Y3(2��N'D 03$$P��N'D 07%&��N'D Z3(2�D��� QE
7%&� � � �� �� ��� ���

� �� �� ��� ����
7%&� � �� ��� ��� ��� ���
7%&� � �� ��� ���� ��� ����
7%&� � ��� ��� ���� ��� ���
7%&� � �� ���� ���� ��� ����

D�7KH�ZHLJKW�SDUW�RI�3(2�LQ�WKH�FRSRO\PHUV�
E�7KH�UDWLR�EHWZHHQ�XQLWV�RI�3$$P�DQG�3(2�EORFNV�LQ�WKH�FRSRO\PHUV��EDVH�PROH3$$P�EDVH�PROH3(2

7DEOH���� 7KH� GLIIUDFWLRQ� PD[LPXP� SRVL�
WLRQV�LQ�:$;6�SURILOHV�DQG�FRUUHVSRQGLQJ
LQWHUSODQH�GLVWDQFHV

3RO\PHU 7KH�PD[LPXP
SRVLWLRQV

7KH�DYHUDJH
LQWHUSODQH
GLVWDQFHV

T��GHJUHHV
T��GHJUHHV

G���QP G���QP�

3$$P �� ����� a����� �����
7%&� ����� ������
7%&� ����� �����
7%&� �� ����� a����� �����
7%&� ����� �����
7%&� ����� �����
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)LJ���E�� GHPRQVWUDWHG� WZR� LQWHQVH� FU\VWDO�
OLQH�SHDNV�DW�T� �������DQG��������ZKLFK�DUH
ZHOO�NQRZQ�IURP�WKH�OLWHUDWXUH�>��@�

:$;6�SURILOHV�RI�WKH�FRSRO\PHUV��H[FHSW
7%&���)LJ���FÜH��FXUYHV�����GLG�QRW�FRQWDLQ
DQ\�FU\VWDOOLQH�SHDNV�LQ�VSLWH�RI�DSSHDUDQFH
RI�VXFK�SHDNV�LQ�WKH�FRUUHVSRQGLQJ�DGGLWLYH
FXUYHV��FXUYHV�����7KH�ODWWHU�ZHUH�FDOFXODWHG
IURP� ���� IRU� 3$$P�3(*� EOHQGV� ZLWK� WKH
VDPH� FRPSRVLWLRQ� DV� LQ� FRUUHVSRQGLQJ� 7%&
VDPSOHV� XVLQJ� WKH� DVVXPSWLRQ� DERXW� LQGH�
SHQGHQW� FRQWULEXWLRQV� RI� WKH� ERWK� FRPSR�
QHQWV�WR�WKH�WRWDO�VFDWWHULQJ�LQWHQVLW\��6PDOO
FU\VWDOOLQH� SHDNV� RI�3(2�ZHUH� REVHUYHG� RQO\
LQ� WKH� SURILOH� RI� 7%&�� �)LJ���I�� FXUYH� ���
ZKLFK� FRQWDLQHG� WKH� ORQJHVW� FHQWUDO� EORFN�

+RZHYHU�� WKH� SHDN� LQWHQVLWLHV� WXUQHG� RXW� WR
EH� ORZHU� WKDQ� LQ� WKH� DGGLWLYH� FXUYH�� 7KHUH�
IRUH�� IXOO� FRUUHODWLRQ� RI� WKHVH� UHVXOWV� ZLWK
HDUOLHU�'6&� GDWD� >��@�ZDV� REYLRXV��

%DVLQJ�RQ�0HWKXHV�DSSURDFK� >����@�� LW� LV
SRVVLEOH�WR�FDOFXODWH�WKH�UDWLR�EHWZHHQ�DUHDV
XQGHU� DOO� FU\VWDOOLQH� SHDNV� DQG� WKH� WRWDO
:$;6�FXUYH�DQG�WKHQ�WR�ILQG��IRU�KRPRSR�
O\PHUV�� WKH� UHODWLYH� FU\VWDOOLQLW\� GHJUHH�
+RZHYHU��GHWHUPLQDWLRQ�RI�WKLV�YHU\�DSSUR�
SULDWH�SDUDPHWHU�ORVHV�DQ\�VHQVH�LQ�WKH�FDVH
RI�KHWHURSRO\PHUV��7KDW�LV�ZK\��LQ�RUGHU�WR
HVWLPDWH� WKH� DOWHUDWLRQV� LQ� WKH� FU\VWDOOLQLW\
GHJUHH�RI�3(2�LQ�7%&��VWUXFWXUH��WKH�UDWLR
EHWZHHQ� WKH� FU\VWDOOLQH� SHDN� DUHDV� LQ� WKH
DGGLWLYH�FXUYH���DQG�WKH�H[SHULPHQWDO�FXUYH

)LJ�����:$;6�SURILOHV��WKH�VFDWWHULQJ�LQWHQVLWLHV�YV�WKH�VFDWWHULQJ�DQJOH��IRU���D��3$$P���E��3(*��
�F��7%&����G��7%&����H��7%&���DQG��I��7%&���([SHULPHQWDO�GDWD�DQG�DGGLWLYH�FXUYHV�FDOFXODWHG�IRU
FRUUHVSRQGLQJ� �3$$P���3(*��EOHQGV�DUH� VKRZQ��7� ����&��)RU�7%&��DQDORJRXV�GDWD�DV� IRU�7%&�
ZHUH�REWDLQHG�
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�� �)LJ���I�� ZDV� FDOFXODWHG�� $FFRUGLQJ� WR
VXFK� SURFHGXUH�� WKH� FU\VWDOOLQLW\� GHJUHH� RI
WKH� LQLWLDO� 3(*� GHFUHDVHG� E\� ���� WLPHV� LQ
7%&�� VWUXFWXUH��7KLV� UHVXOW�ZDV� LQ� IXOO� DF�
FRUGDQFH�ZLWK�WKH�UHGXFWLRQ�E\�����WLPHV�LQ
WKH� FU\VWDOOLQLW\� GHJUHH� �;F�� RI� 3(2� LQ7%&��� ZKLFK� ZDV� HVWDEOLVKHG� E\� '6&
PHWKRG�LQ�>��@�

:$;6� SURILOHV� RI� DPRUSKRXV� 7%&�Ü
7%&��DQG�7%&��ZHUH� VLPLODU�WR� WKH�GLIUDF�
WRJUDP� RI� SXUH� 3$$P�� 6RPH� GLIIHUHQFHV
FRQVLVWHG�LQ�DQ�DSSUHFLDEOH�UHGXFWLRQ�LQ�WKH
UHODWLYH� LQWHQVLW\� RI� WKH� VHFRQG� PD[LPXP
DQG� DOWHUDWLRQ�RI� LWV� SRVLWLRQ� �)LJ�����7DEOH
����7KLV�HIIHFW�LQGLFDWHV�WKH�FKDQJHV�LQ�GLV�
SRVLWLRQ� RI� WKH� +�ERQGHG� FLV�GLPPHUV� RI
DPLGH�JURXSV�LQ�FLV�WUDQV�PXOWLPHUV��

6$;6� LQYHVWLJDWLRQV� DOORZHG� FKDUDF�
WHUL]LQJ� WKH� EORFN� FRSRO\PHU�PRUSKRORJ\� DW
WKH� VXSUDPROHFXODU� OHYHO� >�����@�� 6$;6� SUR�
ILOHV�RI�7%&V�DQG�3$$P�DUH�VKRZQ�LQ�)LJ����

$� VKDUS� VPRRWK� GHFD\� LQ� WKH� VFDWWHULQJ
LQWHQVLWLHV� YHUVXV� WKH� ZDYHYHFWRU� �ZLWKRXW
DQ\� SHDNV� RU� GLIIXVLYH� PD[LPD�� ZDV� RE�
VHUYHG�IRU�DOO�WKH��FR�SRO\PHU�VDPSOHV��WKXV
VXJJHVWLQJ�WKH�DEVHQFH�RI�DQ\�SHULRGLFLW\�LQ
WKH� DUUDQJHPHQW� RI� VHSDUDWH� VWUXFWXUDO� HOH�
PHQWV� RI� 3$$P� DQG� 7%&V� DW� WKH� VXSUD�
PROHFXODU� OHYHO��7KHQ�WKH� VDPH�SURILOHV�ZHUH
QRUPDOL]HG� WR� WKH� WKLFNQHVV� RI� �FR�SRO\PHU
VDPSOHV� DQG� WKH� VFDWWHULQJ� LQWHQVLW\� RI� WKH
HWDORQ�DQG�IXUWKHU�ZHUH�UHSUHVHQWHG�LQ�GRXEOH
ORJDULWKPLF� FRRUGLQDWHV� �SORWV� LQ� WKH� LQVHUWV�
)LJ����� LQ� RUGHU� WR� FDUU\� RXW� WKHLU� GHWDLOHG
DQDO\VLV� DFFRUGLQJ� WR� WKH� NQRZQ� FRQFHSWLRQ
DERXW�WKH�IRUPDWLRQ�RI�WKH�IUDFWDO�DJJUHJDWHV
RU�FOXVWHUV�>��@��

)RU�3$$P�DQG�7%&���7%&���7%&���ZLWK
UHODWLYHO\� VKRUW� 3(2� EORFNV�� WKH� OLQHDU� GH�

FUHDVH� LQ� ORJ�,Q� YHUVXV� ORJ�T� �)LJ���D��ZLWKWKH�VDPH�VORSH�ZDV�REVHUYHG�SUDFWLFDOO\�RYHU
WKH� ZKROH� UHJLRQ� RI� WKH� ZDYHYHFWRUV� XQGHU
VWXG\�� 7KLV� IDFW� UHIOHFWV� WKH� H[LVWHQFH� LQ
6$;6� SURILOHV� RI� WKH� �FR�SRO\PHUV� RI� WKH
RQO\�3RURG�V�SRZHU�VFDWWHULQJ�UHJLPH��,�|�TÜ'I�
>��@��6XFK�IRUP�RI�6$;6�FXUYHV�LQ�WKH�GRX�
EOH� ORJDULWKPLF� FRRUGLQDWHV� FRUUHVSRQGV� WR
WKH� VFDWWHULQJ� SLFWXUH� LQ� WKH� V\VWHP� ZKHUH
VLQJOH�OHYHO� IUDFWDO� FOXVWHUV� H[LVW� >������@�
7KH�FKDUDFWHU�RI�WKHVH�FOXVWHUV��PDVV�IUDFWDO
RU�VXUIDFH�IUDFWDO�RQHV��FRXOG�EH�GHWHUPLQHG
E\�DQDO\VLV�RI�WKH�VORSH�UDWLR�PRGXOXV��'I��EXW� WKH�PD[LPXP� GLDPHWHU� RI� WKH� FOXVWHUV
FRXOG� EH� HVWLPDWHG� E\� WKH� UHODWLRQ� GPD[�a�S�T
� LQ� WKH� FDVH�ZKHQ� WKH� VWUDLJKW� OLQH� RI
WKH�3RURG�V�SRZHU�VFDWWHULQJ�ODZ�WUDQVIRUPV
DW� VPDOO� T� YDOXHV� LQWR� WKH� FXUYH� GHVFULEHG
E\�WKH�*LQHDX�H[SRQHQWLDO�VFDWWHULQJ�ODZ��,Q
IDFW��WKH�*LQHDX�VFDWWHULQJ�FXUYH��FXWV��WKH
UHJLRQ� RI� WKH� 3RURG� SRZHU� VFDWWHULQJ�� 7KH
�FXWWLQJ� ERXQGDU\�� FRUUHVSRQGV� WR� D� GHIL�
QLWH�T
�YDOXH�LQ�WKH�UDQJH�RI�*LQHDX�V�VFDW�
WHULQJ��ZKLFK�LV�XVHG�WR�HVWLPDWH�GPD[��7KXV�WKH�H[SRQHQWLDO�*LQHDX�VFDWWHULQJ�UHJLPH�DQG
WKH�FRUUHVSRQGLQJ�3RURG�VFDWWHULQJ�UHJLPH��DW
ODUJHU� T� YDOXHV�� FKDUDFWHUL]H� D� VLQJOH� VWUXF�
WXUDO�OHYHO��8QIRUWXQDWHO\��WKH�FXUYHV�LQ�)LJ�
�D�IRU�3$$P�DQG�WKH�JLYHQ�7%&�VDPSOHV�KDG
QR� �FXWWLQJ� ERUGHUV�� DW� VPDOO� T�� WKHUHIRUH�
GHWHUPLQDWLRQ�RI�GPD[�ZDV�LPSRVVLEOH�LQ�WKHVHFDVHV�

7KH�'I�YDOXHV�WXUQHG�RXW�WR�EH�OHVV�WKDQ�� IRU� 3$$P�� 7%&��� 7%&�� DQG� 7%&�
�7DEOH� ���� ,W� PHDQV� WKDW� WKH� DPRUSKRXV
VWUXFWXUH� RI� WKHVH� �FR�SRO\PHUV� KDG� D� SR�
URXV�FKDUDFWHU�DQG�FRQVLVWHG�RI�PDVV�IUDFWDO
FOXVWHUV� ZLWK� WKH� IUDFWDO� GLPHQVLRQ� RI� 'I

)LJ�����7KH�LQWHQVLW\�RI�VPDOO�DQJOH�;�UD\�VFDWWHULQJ�YV�WKH�ZDYHYHFWRU�IRU���D��3$$P�Û����7%&�
Û����7%&��Û��� DQG� �E��7%&��Û����7%&��Û����'HSHQGHQFHV� RI� WKH�QRUPDOL]HG� LQWHQVLW\�YV� WKH
ZDYHYHFWRU�LQ�WKH�GRXEOH�ORJDULWKPLF�FRRUGLQDWHV�DUH�VKRZQ�RQ�D�VPDOOHU�VFDOH��7� ����&��7KH�GDWD
IRU�7%&��SUDFWLFDOO\�FRLQFLGHG�ZLWK�WKRVH�IRU�7%&��
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>��@�� 7KH� FRQVWUXFWLRQ� RI� WKH� EUDQFKHG
PDVV�IUDFWDO�FOXVWHUV�LV�VKRZQ�LQ�)LJ���D�

2EYLRXVO\��WKH�IUDJPHQWV�RI�WKH��FR�SRO\�
PHU� FKDLQV� FRXOG� EH� FRQVLGHUHG� DV� VHSDUDWH
�EXLOGLQJ� EORFNV�� RI� VXFK� FOXVWHUV�� $W� WKH
VDPH� WLPH�� WKH�PDLQ� UHDVRQ� IRU� DSSHDUDQFH
RI� WKHVH� FOXVWHUV� LQ� 3$$P� DQG� 7%&� VWUXF�
WXUH� FRQVLVWV� LQ� KLJK� K\GURSKLOLW\� RI� WKH
�FR�SRO\PHUV�� ,QGHHG�� WKH� HTXLOLEULXP� KX�
PLGLW\�RI�7%&�DQG�3$$P�ILOPV��ZKLFK�ZHUH
XVHG�LQ�6$;6�H[SHULPHQWV��LV�RI�VLJQLILFDQW
YDOXH� �a���ZW�����DFFRUGLQJ� WR� WKH�GDWD�RI
'7*$��7KLV�LV�FRQGLWLRQHG�E\�WKH�FDSDELOLW\
RI� HDFK� DPLGH� JURXS� RI� 3$$P� DQG� HDFK
R[\JHQ�DWRP�RI�3(2�WR�DGVRUE�DQG� WR�NHHS
XS� WR� �� DQG� �� ZDWHU� PROHFXOHV�� FRQVH�
TXHQWO\�� $V� D� UHVXOW�� HYHQ� WKH� SURORQJHG
GU\LQJ�RI�WKH��FR�SRO\PHU�VDPSOHV�LQ�D�YDF�
XXP� ER[� DQG� D� YDFXXP� GHVLFFDWRU� GLG� QRW
SURYLGH�IXOO�UHPRYLQJ�RI�ZDWHU�IURP�WKHP��

7KH�GRXEOH�ORJDULWKPLF�6$;6�SURILOHV�RI
7%&�� DQG� 7%&�� �)LJ���E��� ZKLFK� FRQWDLQHG
WKH� ORQJHVW� 3(2� FKDLQV�� GHPRQVWUDWHG� WZR
OLQHDU�SDUWV�ZLWK�GLIIHUHQW�VORSH�UDWLRV��WZR
3RURG�V� UHJLPHV�� DQG� RQH� LQWHUPHGLDWH� UH�
JLRQ�FRUUHVSRQGLQJ�WR�WKH�*LQHDX�VFDWWHULQJ
UHJLPH�>��@��7KH�YDOXHV�RI�'I�WXUQHG�RXW�WR

EH�����DQG����� �IRU�7%&��DQG�7%&���FRQVH�
TXHQWO\�� LQ� WKH� ��VW� 3RURG�V� UHJLPH� �DW
KLJKHU�T�� DQG����� LQ� WKH���QG�3RURG�V�VFDW�
WHULQJ� UHJLPH� �DW� OHVV� T��� 6XFK� IRUP� RI
6$;6�SURILOHV�LQGLFDWHV�WKH�H[LVWHQFH�RI�WZR
W\SHV�RI�IUDFWDO�FOXVWHUV�LQ�7%&��DQG�7%&�
VWUXFWXUHV�� L�H��� WKHLU� WZR�OHYHO� IUDFWDO� RU�
JDQL]DWLRQ�>��@��,W�LV�HYLGHQW�WKDW�WKH�HIIHFW
LV� UHODWHG� WR� WKH� DSSHDUDQFH� RI� 3(2
QDQRFU\VWDOOLQH� GRPDLQV� LQ� DQ� DPRUSKRXV
PDWUL[��5HDOO\�� D� VKDUS� HQRXJK� LQFUHDVH� LQ
WKH� VORSH� UDWLR�PRGXOXV� RI� WKH�GHSHQGHQFHV
ORJ� ,Q� �I�ORJT�� XS� WR�'I�|���DW�VRPH�LQWHU�PHGLDWH� T
� YDOXHV� �7DEOH���� FRXOG� EH� LQWHU�
SUHWHG�DV�DULVLQJ�RI�WKH�VXUIDFH�IUDFWDO�FOXV�
WHUV�LQ�7%&�VWUXFWXUH��7KH�VFDWWHULQJ�ODZ�LV
GHVFULEHG� LQ� WKLV� FDVH� E\� WKH� RWKHU� SRZHU
IXQFWLRQ��,�|�T'VÜ��>��@��,Q�WKH�ODVW�IRUPXOD
WKH�YDOXH�'V� ��Ü'I�FKDUDFWHUL]HV�WKH�IUDF�WDO� GLPHQVLRQ� RI� WKH� VXUIDFH�IUDFWDO� FOXV�
WHUV�� )RUPDWLRQ� RI� WKH� VXUIDFH�IUDFWDO� FOXV�
WHUV� LQ� 7%&�� DQG� 7%&�� VWUXFWXUHV� RFFXUV�
HYLGHQWO\��GXH�WR�D�SDUWLDO�FU\VWDOOL]DWLRQ�RI
3(2� EORFNV� EHORQJLQJ� WR� VHYHUDO� FRSRO\PHU
PDFURPROHFXOHV�� $� VFKHPH� LQ� )LJ���E� LOOXV�
WUDWHV�WKLV�SURFHVV�

)LJ����� 7KH� FRQVWUXFWLRQ� RI� �D�� D� VLQJOH�PDVV�IUDFWDO� FOXVWHU� LQ� DPRUSKRXV� UHJLRQV� RI� 3$$P� DQG
7%&V���E��WKH�VXUIDFH�IUDFWDO�FOXVWHUV�ZLWK�FU\VWDOOLQH��FRUH��RI�3(2�EORFNV��DQG��F��DQ�DPRUSKRXV
PDVV�IUDFWDO�RUJDQL]HG�VWUXFWXUH�RI�7%&�Ü7%&���ZKHUH�WKH�VXUIDFH�IUDFWDO�FOXVWHUV�DUH�GLVWULEXWHG�

7DEOH����3DUDPHWHUV�RI�VHSDUDWH�VWUXFWXUDO�HOHPHQWV�RI�3$$P�DQG�7%&V�IRXQG�IURP�6$;6�GDWD
9DOXH 3RO\PHU

3$$P 7%&� 7%&� 7%&� 7%&� 7%&�
Ü'I ��� ��� ��� ��� ��� ��� ��� ���

T
�����D��$Ü� Ü Ü Ü Ü ���� Ü ���� Ü
GPD[�E��QP Ü Ü Ü Ü ���� Ü ���� Ü
5J��QP Ü Ü Ü Ü ��� Ü ��� Ü

D��7KH�FXWWLQJ�ERUGHU��IRU�WKH�SRZHU�VFDWWHULQJ�UHJLPH
E�7KH�PD[LPXP�GLDPHWHU�RI�WKH�PDVV��RU�VXUIDFH�IUDFWDO�FOXVWHUV
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7DNLQJ� LQWR� FRQVLGHUDWLRQ� WKDW� 6$;6
SURILOHV� RI� 7%&�� DQG� 7%&�� FRQWDLQHG� WKH
�FXWWLQJ�ERUGHUV��IRU�WKH���VW�VFDWWHULQJ�UH�
JLPH�E\�3RURG��DW�KLJKHU�T���ZH�KDYH�IRXQG
FRUUHVSRQGLQJ� T
� QXPEHUV� LQ� WKH� DUHDV� RI
*LQHDX�V�VFDWWHULQJ�DQG�FDOFXODWHG�WKH�PD[L�
PXP�GLDPHWHUV��GPD[�a��S�T
��DQG�WKH�J\UD�WLRQ� UDGLL� >5J� �GPD[����������@� RI� WKH� VXU�IDFH�IUDFWDO� FOXVWHUV�ZLWK� FU\VWDOOLQH� �FRUH�
RI�3(2� �7DEOH���� >��@��7KXV��WKH�FRQFOXVLRQ
DERXW� WZR� IUDFWDO� OHYHOV� �WKH\� DUH� VKRZQ� LQ
)LJ���F�� LQ�WKH�VWUXFWXUHV�RI�7%&��DQG�7%&�
XQOLNH�WR�WKRVH�RI�7%&���7%&��DQG�7%&��KDV
EHHQ�DFKLHYHG��7KH�VPDOO�VXUIDFH�IUDFWDO�FOXV�
WHUV�ZLWK� D� FU\VWDOOLQH� �FRUH�� RI� 3(2� EORFNV
IRUPHG�WKH�ILUVW�OHYHO�EXW�WKH�ODUJH�PDVV�IUDF�
WDO� FOXVWHUV� RI� DQ� DPRUSKRXV� PDWUL[� FRQVWL�
WXWHG�WKH�VHFRQG�RQH�

'XH� WR� WKHVH� VWXGLHV�� WKH� DPRUSKRXV
FKDUDFWHU�DQG�KRPRJHQHLW\�RI�7%&�VWUXFWXUH
DW� GLIIHUHQW� OHYHOV� LQ� D� ZLGH� UHJLRQ� RI� WKH

3(2�EORFN�OHQJWK�DQG�DOVR�LWV�SRURVLW\�ZHUH
HVWDEOLVKHG�� 7KH� VDPSOH� RI� 7%&�� ZLWK� H[�
DFWO\�VXFK�VWUXFWXUH�ZDV�XVHG�LQ�WKH�IROORZ�
LQJ� VWXGLHV� RI� WKH� LRQLF� FRQGXFWLYLW\�� 7KH
VSHFLILF� LRQLF� FRQGXFWLYLW\� RI� D� SXUH� 7%&�
DQG� LWV� FRPSRVLWLRQV� ZLWK� OLWKLXP� VDOW�
ZKHUH� WKH� HOHFWURO\WH� FRQWHQW� ZDV� YDULHG
UHODWLYHO\� WR� WKH� FRSRO\PHU�� ZDV� PHDVXUHG
E\� DQ� LPSHGDQFH� VSHFWURVFRS\� >��@�� )UH�
TXHQF\� GHSHQGHQFHV� RI� WKH� LPDJLQDU\� DQG
UHDO� SDUWV� RI� WKH� FRPSOH[� LPSHGDQFH
�1\TXLVW�SORWV��DUH�UHSUHVHQWHG�LQ�)LJ�����,Q
RUGHU� WR� HQKDQFH� WKH� SRO\PHU� VHJPHQW�PR�
ELOLW\�� D� QRQLRQLF� SODVWLFL]HU� HWK\OHQHJO\FRO
�(*�� ZLWK� WKH� FRQVWDQW� ZHLJKW� IUDFWLRQ
���ZW����IURP�7%&�ZHLJKW��ZDV�DGGHG�LQ�WZR
FDVHV� �7DEOH����� 6LJQLILFDQW� LQFUHDVH� LQ� WKH
ILOP�HODVWLFLW\�WRRN�SODFH�XSRQ� LQWURGXFWLRQ
RI�/L3)��DQG�(*�7KH�YROXPH�UHVLVWDQFHV�RI�WKH�ILOPV�ZHUH
GHWHUPLQHG�E\�WZR�SURFHGXUHV���/(��WKH�OLQ�
HDU� H[WUDSRODWLRQ� RI� H[SHULPHQWDO� GDWD� WR

)LJ����� 7KH� FRPSOH[� LPSHGDQFH� VSHFWUD� �1\TXLVW� SORWV�� IRU� WKH� IROORZLQJ� FRPSRVLWH� ILOPV�� �D�
7%&��/L3)��Û�����E��7%&��/L3)��Û������DQG�7%&��/L3)��(*�Û������DW�WKH�UDWLRV�RI�>7%&@�>/L3)�@
 ������Û�����������Û���DQG�����EDVH�PRO�PROÜ��Û�������7KH�UDWLR�RI� >(*@�>7%&@� ������Z�Z�ZDV
FRQVWDQW� LQ� DOO� WKH� WKUHH�FRPSRQHQW� V\VWHPV��7� ����&�� 7KH� VSHFWUXP� YLHZ� IRU� D� SXUH�7%&��ZDV
DQDORJRXV�WR�WKH�FXUYH���
7DEOH����,RQLF�FRQGXFWLYLW\�RI�WKH�WULEORFN�FRSRO\PHU�GRSHG�ZLWK�OLWKLXP�VDOW

6DPSOH 6\VWHP >3(2@�>/L3)�@EDVH�PRO�PROÜ�
>7%&@�>/L3)�@EDVH�PRO�PROÜ�

O��PP &DOFXODWLQJ
SURFHGXUH V��6�FPÜ�

� 7%&� Ü Ü �� /( �������Ü�
� 7%&��/L3)� ���� ���� ��� /( �������Ü�
� 7%&��/L3)� ���� ��� ��� (6 �������Ü�
� 7%&��/L3)� ���� ��� ��� /( �������Ü�

(6 �������Ü�
� 7%&��/L3)��(* ���� ���� ��� /( �������Ü�

(6 �������Ü�
� 7%&��/L3)��(* ���� ��� ��� /( �������Ü�
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WKH� DEVFLVVD�D[LV� LQ� WKH� UHJLRQ� RI� KLJK� IUH�
TXHQFLHV� DQG� �(6�� WKH� H[WUDSRODWLRQ� RI� WKH
KLJK�IUHTXHQF\�VHPLFLUFOHV�REVHUYHG�LQ�VRPH
SORWV� WR� WKH� DEVFLVVD�D[LV� >��@�� 7KH� VSHFLILF
LRQLF� FRQGXFWLYLW\�ZDV� FDOFXODWHG� XVLQJ� WKH
����UHODWLRQ�>��@�

V� � O
5���6��

���

ZKHUH� O� LV�WKH�ILOP�WKLFNQHVV��6� LV�WKH�HOHF�
WURGH� DUHD��5� LV� WKH�YROXPH� UHVLVWDQFH� RI� D
ILOP��$OO� WKH� UHVXOWV� REWDLQHG� DUH� VKRZQ� LQ
WKH� ULJKW�KDQG� SDUW� RI� 7DEOH���� ,W� LV� VHHQ
WKDW� HYHQ� WKH� ILOP� RI� SXUH� 7%&�� GHPRQ�
VWUDWHG� D�KLJK� OHYHO� RI� WKH� LRQLF� FRQGXFWLY�
LW\�� 7KLV� FRXOG� EH� H[SODLQHG� ILUVW� E\� WKH
DERYH�PHQWLRQHG� KLJK� K\GURSKLOLW\� RI� WKH
FRSRO\PHU� FRPSRQHQWV� UHVXOWLQJ� LQ� KLJK
HTXLOLEULXP� KXPLGLW\� RI� 7%&� ILOPV�� )XU�
WKHU�� 3(2� FKDLQV� ORVH� WKHLU� DELOLW\� WR� FU\V�
WDOOL]DWLRQ� EHFDXVH� RI� LQWHUDFWLRQ� ZLWK
3$$P� WKDW� NHHSV� WKHLU� PRELOLW\� DQG� SUR�
PRWHV� D� FRQGXFWLYLW\� JURZWK�� )LQDOO\�� WKH
SRURXV� PDVV�IUDFWDO� RUJDQL]DWLRQ� RI� 7%&
VWUXFWXUH� WKDW� FRQWDLQV� WKH� DEVRUEHG� ZDWHU
SRVVLEO\�UHPDLQLQJ�LQ�WKH�FRSRO\PHU�VDPSOH
DIWHU� V\QWKHVLV� �VHH� WKH� DERYH� V\QWKHWLF
VWUDWHJ\��� HQVXUHV� IUHH� LRQ� WUDQVSRUW
WKURXJK� WKH� FRSRO\PHU� ILOPV� XQGHU� WKH� DF�
WLRQ�RI�HOHFWULF�ILHOG��

$�FRQVLGHUDEOH� LQFUHDVH� LQ� WKH� LRQLF� FRQ�
GXFWLYLW\�RI�WKH�FRSRO\PHU�ILOPV�WDNHV�SODFH
ZLWK� JURZWK� RI� WKH� OLWKLXP� VDOW� FRQWHQW�
7KLV� HIIHFW� LV� QRW� VXUSULVLQJ� DQG� FRXOG� EH
LQWHUSUHWHG�E\�LQFUHDVH�LQ�WKH�FRQFHQWUDWLRQ
RI� WKH� FKDUJH� FDUULHUV� DQG� WKH� SODVWLFL]LQJ
DFWLRQ�RI�OLWKLXP�VDOW�RQ�7%&�VWUXFWXUH��WKH
SODVWLFL]LQJ�HIIHFW�RI�/L��VDOWV�RQ�WKH�VWUXF�
WXUH� RI� WKH� 3(2�FRQWDLQLQJ� EORFN� FRSRO\�
PHUV�LV�ZHOO�NQRZQ�IURP�WKH�OLWHUDWXUH�>�@��
,QWURGXFWLRQ�RI�D�VPDOO�TXDQWLW\�RI�WKH�QRQ�
LRQLF�SODVWLFL]HU�(*�QRW�RQO\�LPSURYHV�HODV�
WLFLW\�RI�WKH�FRPSRVLWH�ILOPV�EXW�DOVR�UDLVHV
HVVHQWLDOO\� WKHLU� FRQGXFWLYLW\��$FFRUGLQJ� WR
WKH�GDWD�RI�7DEOH����WKH�LQFUHDVH�LQ�WKH�OLWK�
LXP�VDOW�FRQWHQW�DQG�DOVR�WKH�SODVWLFL]HU�DG�
GLWLRQ� DFW� LQ� WKH�VDPH�GLUHFWLRQ��7KXV��GXH
WR� DSSOLFDWLRQ�RI�7%&� ILOPV�GRSHG�E\�/L3)�DQG� VPDOO� DGGLWLYHV� RI� (*� D� KLJK� OHYHO� RI
WKH�LRQLF�FRQGXFWLYLW\��V� ��������Ü��6�FPÜ�
DW����&��FRXOG�EH�DFKLHYHG�

,W� ZRXOG� EH� LQWHUHVWLQJ� WR� FRPSDUH� WKH
LRQLF�FRQGXFWLYLW\�RI�GLIIHUHQW�3(2�FRQWDLQ�
LQJ� EORFN� FRSRO\PHUV� DQG� WKHLU� FRPSRVLWHV�

8QIRUWXQDWHO\�� WKH� GHSHQGHQFH� RI� V� RQ� WRR
PDQ\�IDFWRUV�Û�VXFK�DV�D�PROHFXODU�ZHLJKW
RI�3(2�EORFNV��D�FKHPLFDO�QDWXUH��D�SK\VLFDO
VWDWH� DQG� PROHFXODU� SDUDPHWHUV� RI� RWKHU
EORFNV�� D� PROHFXODU� DUFKLWHFWXUH� DQG� D
VWUXFWXUDO�RUJDQL]DWLRQ�RI�EORFN�FRSRO\PHUV�
PRUHRYHU�� D� FKHPLFDO� RULJLQ� DQG� FRQFHQWUD�
WLRQ�RI�HOHFWURO\WHV� �DQG�RU�RWKHU�DGGLWLYHV�
DQG� DOVR� WKH� FRQGLWLRQV� RI� IRUPDWLRQ� DQG
WHVWLQJ� RI� WKH� EORFN� FRSRO\PHU� FRPSRVLWHV
Û� GRHV� QRW� DOORZ� D� GHWDLOHG� FRPSDULVRQ� RI
V�YDOXHV�LQ�GLIIHUHQW�V\VWHPV��7KHUHIRUH��WR
VKRZ� WKH� OHYHO� RI� WKH� LRQLF� FRQGXFWLYLW\� RI
7%&� ILOPV�� ZH� ZLOO� JLYH� RQO\� WKUHH� PD[L�
PXP�YDOXHV�RI�V��ZKLFK�ZHUH�UHDFKHG�LQ�WKH
V\VWHPV�� L�� WKH� SDUWLDOO\� FU\VWDOOLQH� PXO�
WLEORFN� FRSRO\PHUV� >3(2�E�332�E�36@Q�� LQ�FOXGLQJ� SRO\�SURS\OHQH� R[LGH�� DQG� SRO\VW\�
UHQH�� LQ� FRPSRVLWLRQ� ZLWK� /L&O2�� �V�a�����Ü��6�FPÜ�� DW� ���&�� >��@�� LL�� WKH� SDUWLDOO\
FU\VWDOOLQH� PXOWLEORFN� FRSRO\PHU� >3(2�E�
332@Q�/L&O2�� �V� �������Ü��6�FPÜ�� DW� ���&�
>��@�DQG�LLL��WKH�PXOWLEORFN�FRSRO\PHUV�ZLWK
SRO\EXWDGLHQH� >3(2�E�3%�E�36@Q�/L&O2�� �V�a����Ü��6�FPÜ��DW����&��>��@�

���&RQFOXVLRQV
)RUPDWLRQ�RI�,QWUD3&�LQ�7%&�PDFURPROH�

FXOHV�SUHYHQWV�FU\VWDOOL]DWLRQ�RI�3(2�EORFNV
DQG� SURYLGHV� H[LVWHQFH� RI� D� KRPRJHQHRXV
DPRUSKRXV� VWUXFWXUH� LQ� D� ZLGH� UHJLRQ� RI
WKHLU�PROHFXODU�ZHLJKWV��$W� WKH� VDPH� WLPH�
DW�0Y3(2�t����N'D�WKH�KRPRJHQHLW\�RI�7%&VWUXFWXUH� LV� EURNHQ� GXH� WR� SDUWLDO� FU\VWDO�
OL]DWLRQ� RI� 3(2� EORFNV�� $V� D� UHVXOW�� VPDOO
VXUIDFH�IUDFWDO�FOXVWHUV�ZLWK�QDQRFU\VWDOOLQH
�FRUH�� RI�3(2�EORFNV�KDYLQJ� WKH�PD[LPXP
UDGLXV�RI�J\UDWLRQ�5J�a���QP�DSSHDU�DPRQJWKH� ODUJH�PDVV�IUDFWDO� FOXVWHUV� RI� DQ� DPRU�
SKRXV� PDWUL[�� %DVLQJ� RQ� H[SHULPHQWDO� UH�
VXOWV� DQG� DERYH� GLVFXVVLRQ�� WKH� IROORZLQJ
NH\� VWUXFWXUDO� IDFWRUV�� ZKLFK� HQVXUH� WKH
KLJK� LRQLF� FRQGXFWLYLW\� RI� SXUH� DQG� GRSHG
3$$P�E�3(2�E�3$$P� ILOPV�� FRXOG� EH
SLFNHG�RXW��L��WKH�H[LVWHQFH�RI�WKH�K\GURJHQ
ERQG� V\VWHP� EHWZHHQ� 3(2� DQG� 3$$P
EORFNV�� GXH� WR�ZKLFK�3(2� FKDLQV� ORVH� WKHLU
DELOLW\� WR� FU\VWDOOL]H�� LL�� WKH� KRPRJHQHRXV
GLVWULEXWLRQ� RI� WKH� UHJLRQV� FRQWDLQLQJ� K\�
GURJHQ�ERQGHG�VHJPHQWV�RI�ERWK�FRPSRQHQWV
LQ� WKH� FRSRO\PHU� VWUXFWXUH�� LLL�� WKH� SRURXV
PDVV�IUDFWDO�RUJDQL]DWLRQ�RI�7%&�VWUXFWXUH�
ZKLFK� SURPRWHV� D� IUHH� DQG� TXLFN� WUDQVSRUW
RI�HOHFWURO\WHV�WKURXJK�FRPSRVLWH�ILOPV�
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5HIHUHQFHV
� ���9�3�3ULYDONR�� 9�9�1RYLNRY�� 7KH� 6FLHQFH� RI

+HWHURJHQHRXV�3RO\PHUV��6WUXFWXUH�DQG�7KHU�
PRSK\VLFDO� 3URSHUWLHV�� -RKQ� :LOH\� 	� 6RQV�
&KLFKHVWHU�HWF���������

� ���,�:�+DPOH\��&U\VWDOOL]DWLRQ� LQ�%ORFN�&RSRO\�
PHUV��$GYDQFHV�LQ�3RO\PHU�6FLHQFH��6SULQJHU�
9HUODJ��%HUOLQ�+HLGHOEHUJ���������

� ���,�:�+DPOH\�� 7KH� 3K\VLFV� RI� %ORFN� &RSRO\�
PHUV�� 2[IRUG� 8QLYHUVLW\� 3UHVV�� 2[IRUG
��������

� ���,�:�+DPOH\�� 9�&DVWHOOHWWR�� 3URJ��3RO\P��6FL��
���������������

� ���1�+DGMLFKULVWLGLV�� 6�3LVSDV��*�)ORXGDV��%ORFN
&RSRO\PHUV�� 6\QWKHWLF� 6WUDWHJLHV�� 3K\VLFDO
3URSHUWLHV�DQG�$SSOLFDWLRQV��:LOH\��1HZ�<RUN
�������

� ���7�=KHOWRQR]KVND\D�� 1�3HUP\DNRYD�� /�0RPRW�
LQ�� +\GURJHQ�%RQGHG� ,QWHUSRO\PHU� &RP�
SOH[HV�� )RUPDWLRQ�� 6WUXFWXUH� DQG� $SSOLFD�
WLRQV�� &K����:RUOG� 6FLHQWLILF� 3XEO��&R���1HZ
-HUVH\��/RQGRQ��6LQJDSRUH�HWF���������

� ���+��4�;LH�� '�;LH�� 3URJ��3RO\P��6FL��� ���� ���
��������

� ���)�0�*UD\�� 3RO\PHU� (OHFWURO\WHV�� 7KH� 5R\DO
6RFLHW\�RI�&KHPLVWU\�0RQRJUDSKV��&DPEULGJH�
/RQGRQ��������

� ���+��4�;LH��3�*�=KRX��0XOWLFRPSRQHQW�3RO\PHU
0DWHULDOV��LQ��$GY��&KHP��6HU���1R�������$&6�
:DVKLQJWRQ�'&�����������

����/�0RPRW�� 7�=KHOWRQR]KVND\D�� 1�3HUP\DNRYD
HW�DO���0DFURPRO��6\PS�������������������

����1�0�3HUP\DNRYD��7�%�=KHOWRQR]KVND\D��9�9�6KL�
ORY�HW�DO���7KHRU��([SHU��&KHP������������������

����7�%�=KHOWRQR]KVND\D��6�9�)HGRUFKXN��<X�3�*RP]D
HW� DO���4XHVWLRQV� &KHP��&KHP��7HFKQRO��� 1R���
����������

����0�+�%DURQ��)�)LOODX[��&DQ��-��&KHP�����������
�������

����<X�6�/LSDWRY��9�9�6KLORY��<X�3�*RP]D�HW�DO��
;�5D\� 'LIIUDFWLRQ� 0HWKRGV� WR� 6WXG\� 3RO\�
PHULF�6\VWHPV��1DXNRYD�'XPND��.\LY�������
>LQ�5XVVLDQ@�

����$�3�6KSDN��9�9�6KLORY��2�$�6KLORYD�HW�DO���'L�
DJQRVWLFV� RI�1DQRV\VWHPV��0XOWLOHYHO� )UDFWDO
6WUXFWXUHV��1DXNRYD�'XPND��.\LY� ������� >LQ
5XVVLDQ@��

����(�%DUVRXNRY�� -�5�0DFGRQDOG�� ,PSHGDQFH
6SHFWURVFRS\��7KHRU\��([SHULPHQW�DQG�$SSOL�
FDWLRQV�� ��QG� HG�� :LOH\� 	� 6RQV�� 1HZ� <RUN
�������

����)�0HQJ�� 6�=KHQJ�� 7�/LX�� 3RO\PHU�� ���� ����
�������

����8�0�.RUROHY�� 7�*�9HUHW\DKLQD�� 9�9�&KXSRY
HW� DO��� 9\VRNRPRO��6RHGLQ��6HU��$�� ���� ����
�������

����*�%HDXFDJH�� -�+\HRQOHH�� 6H�3UDWVLQLV� HW� DO��
/DQJPXLU��������������������

����3�*�%UXFH��6ROLG�6WDWH�,RQLFV�����������������
����*�%�$SSHWHFFKL�� :�+HQGHUVRQ�� 3�9LOODQR� HW

DO���-��(OHFWURFKHP��6RF��������$������������
����+��4�;LH�� =�6�/LX�� -�6�*XR�� 3RO\PHU�� ���

������������
����+��4�;LH�� ;�4�7DR�� -�6�*XR�� -��$SSO��3RO\P�
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