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1HPDWLF� OLTXLG� FU\VWDOV� �1/&V�� VKRZ� D
JLDQW�RSWLFDO�QRQOLQHDULW\�DV�D�UHVXOW�RI�WKH
RSWLFDO�ILHOG�LQGXFHG� GLUHFWRU� UHRULHQWDWLRQ
�'5�� >�@�� -DQRVV\� HW� DO�� >�@� GLVFRYHUHG� WKDW
DGGLQJ�VPDOO�DPRXQWV��a�����RI�D�OLJKW�DE�
VRUELQJ� G\H� WR� D� QHPDWLF� KRVW� FDQ� HQKDQFH
WKH�RSWLFDO�UHRULHQWLQJ�WRUTXH�E\�D�IDFWRU�RI
�����7KH�SURSRVHG�H[SODQDWLRQV�DVVXPH�WKDW
WKH�G\H� LV�SUHVHQW� LQ�WKH�1/&�KRVW�DV� LQGL�
YLGXDO� PROHFXOHV� �>�@� DQG� 5HIV�� WKHUHLQ��
7KLV�DVVXPSWLRQ�LV�FHUWDLQO\�YDOLG�ZKHQ�WKH
LQWHUDFWLRQV� EHWZHHQ� WKH� G\H�PROHFXOHV� DUH
LQVLJQLILFDQW�� +RZHYHU�� WKHVH� LQWHUDFWLRQV
PLJKW� EH� VWURQJ� LQ� VRPH� VROYHQWV�� JLYLQJ
ULVH� WR� DJJUHJDWLRQ� >�@�� 7KLV� ZRUN� VKRZV
WKDW� G\H� DJJUHJDWLRQ� FDQ� VWURQJO\� HQKDQFH
WKH�OLJKW�LQGXFHG�'5�

:H�VWXG\�WKH��&%�1/&��0HUFN��GRSHG�ZLWK
DQ� DQWKUDTXLQRQH� G\H� 1�1���PHWK\OSKHQ\O��
����GLDPLQR�DQWKUDTXLQRQH� �'��� NQRZQ� WR
LQGXFH� -�DQRVV\� HIIHFW� >�@�� ,QWHUDFWLRQ� EH�
WZHHQ� WKH�G\H�PROHFXOHV� LV�HYLGHQFHG�E\�D
VWURQJO\� QRQOLQHDU� GHSHQGHQFH� RI� WKH� SR�
ODUL]DELOLW\� D� �D/���Dc(�� RQ� WKH� G\H� FRQ�
FHQWUDWLRQ� F� ��QXPEHU� GHQVLW\� RI� G\H
PROHFXOHV��U��ZKHUH�U�|�����PÜ��LV�QXPEHU
GHQVLW\�RI�WKH��&%�PROHFXOHV��F� ������FRUUH�

VSRQGV� WR� ����� ZW������D/� DQG�Dc� DUH� LQGH�SHQGHQW�RI�WKH�ILHOG�DPSOLWXGH�(��,I�WKH�G\H
PROHFXOHV� GR� QRW� LQWHUDFW�� WKHLU� FRQWULEX�
WLRQV�DUH�DGGLWLYH�DQG�D���F��IRU�RXU�V\VWHP�
ZH�ILQG�Dc�F��WR�EH�KLJKO\�QRQOLQHDU�

)LUVW�� ZH� PHDVXUHG� Dc� IRU� �&%�'�� IRU
FRQWLQXRXV� ODVHU� JHQHUDWLRQ� 7(0��� VLQJOH�PRGH� &:� +H±1H� ODVHU�� O� �����QP�
��� P:��� 7KH� IRFXVHG� ODVHU� EHDP� ZLWK
*DXVVLDQ�SURILOH�ZDV�QRUPDO�WR�WKH�1/&�FHOO
WKLFNQHVV� RI� K� ����PP� � ZLWK� WKH� KRPHRW�
URSLF�GLUHFWRU�Q���(�A�Q����:H�PHDVXUHG�WKH
LQWHQVLW\�RI� OLJKW�SDVVLQJ�WKURXJK�WKH�VDP�
SOH� DQG� D� IL[HG� GLDSKUDJP�� YV� WKH� LQFLGHQW
OLJKW� LQWHQVLW\� ,�,� ZDV� ZHOO� EHORZ� WKH� '5
WKUHVKROG�,F�DW�DOO�WKH�F�V�YDOXHV�>����@��7KHGHSHQGHQFH� Dc����F�� LV� VWURQJO\� QRQOLQHDU�H�J��� FORVH� WR� F����� IRU� F�������� )LJ����� 7R
H[FOXGH� WKH� FRQWULEXWLRQ� IURP� 1/&�� WKH
VDPH� FHOOV� ZHUH� LUUDGLDWHG� ZLWK� SLFRVHFRQG
SXOVHV�DW�O� �����QP��WKH�DEVRUSWLRQ�RI��&%
DW� ���� QP� LV� ORZ� DQG� WKXV� WKH� RSWLFDO� UH�
VSRQVH� WR� SLFRVHFRQG� SXOVHV� LV� ZHDN� >�@�� $
VWURQJO\�QRQOLQHDU�GHSHQGHQFH�Dc����F��FORVHWR�F��ZDV�REVHUYHG�LQ�WKLV�FDVH�DV�ZHOO��)LJ����
7KLV� QRQOLQHDULW\� RI�Dc�F�� LQGLFDWHV� D� GRPL�
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QDWLRQ� RI� VXSUDPROHFXODU�XQLWV� LQ� WKH� RSWL�
FDO� UHVSRQVH�� ,Q� FRQWUDVW�� WKH� OLJKW� DEVRUS�
WLRQ� FRHIILFLHQW� FKDQJHV� OLQHDUO\�ZLWK�F� IRU
P:�OLJKW�LQWHQVLWLHV�UHOHYDQW�WR�WKH�HIIHFW�

,Q� WKH�PRGHOV� >�@� RI�QRQ�LQWHUDFWLQJ�G\H
PROHFXOHV�� WKH� G\H�LQGXFHG� WRUTXH� RQ�Q�� LVSURSRUWLRQDO� WR� F,�� DQG� WKH� WKUHVKROG� RI
OLJKW�LQGXFHG� '5� ,F� VFDOHV� DV� ��F�� VR� WKDWF,F�F�� �FRQVW��:H�GHWHUPLQHG�,F�IRU�KRPHRW�URSLF� FHOOV� RI� �&%�'�� E\�PHDVXULQJ� WKH� RQ�
D[LV� WUDQVPLWWDQFH� YV�� ,� >�@� DQG� IRXQG� WKDW
,F�F������F� RQO\� DW� UHODWLYHO\� KLJK� FRQFHQWUD�WLRQV�� F������� �VHH� DOVR� >�@��� )RU� ORZHU� FRQ�
FHQWUDWLRQV���������F��������WKH�WUHQG�LV�GLI�
IHUHQW�� ,F����FÜE�� ZLWK� E�a����Ü��� )LJ����� $V
LQ�>�@��IRU�F� ��������|��ZW������,F�a������RILWV�YDOXH�IRU�WKH�SXUH��&%�

7KH� OLJKW�LQGXFHG�'5�IRU�GLIIHUHQW�DQJOHV
TH� EHWZHHQ� (� DQG� Q�� ZDV� VWXGLHG� XVLQJ� DSODQDU� FHOO� �Q�� EHLQJ� IL[HG� LQ� WKH� VXEVWUDWHSODQH� E\� REOLTXHO\� GHSRVLWHG� 6L2�� OD\HUV�ZKHUH�TH�FRXOG�YDU\�IURP���WR�����E\�FKDQJLQJWKH�OLQHDU�SRODUL]DWLRQ�RI�WKH�EHDP��O� �����PP�
QRUPDO� WR� WKH� FHOO�� ,W� LV� NQRZQ� WKDW� LQ� DQ
D]R�G\H�GRSHG�1/&��GHSHQGLQJ�RQ�WKH�DQJOH
TH��WKH�'5�FDXVHG�E\�D�*DXVVLDQ�EHDP�PD\UHVXOW� HLWKHU� LQ� VHOI�IRFXVLQJ� RI� WKH� EHDP
�WKH� UHIUDFWLRQ� LQGH[� DW� WKH� D[LV� LV� ODUJHU
WKDQ� DW� WKH� SHULSKHU\�� RU� LQ� LWV� GHIRFXVLQJ
�WKH� UHIUDFWLRQ� LQGH[� DW� WKH� D[LV� LV� ORZHU��
GHSHQGLQJ�RQ�KRZ�WKH�GLUHFWRU�LV�UHRULHQWHG�
WRZDUGV�(�RU�DZD\�IURP�(��UHVSHFWLYHO\�>�@�
:H�REVHUYHG�VXFK�LQYHUVLRQ�IURP�IRFXVLQJ�IRU
������TH�d����WR�GHIRFXVLQJ�IRU���d�TH�������LQ�&%�GRSHG�ZLWK�'��ZKLFK�LV�QRW�DQ�D]R�G\H�
)RU� TH� ����� �(AQ���� WKH� '5� WKUHVKROG� ,AZDV� YHU\� FORVH� WR� WKDW� IRU� WKH� KRPHRWURSLF
FHOOV��)RU�TH� ��� �WKLV� FDVH�ZLWK�(__Q��VHHPV

WR� EH� QRW� VWXGLHG� EHIRUH��� ZH� IRXQG� D� UH�
PDUNDEOH�'5�HIIHFW�ZLWK�D�YHU\�ORZ�WKUHVK�
ROG�,__�a�����,A��7KH�GLIIHUHQFH�EHWZHHQ�TH� ���� DQG� TH� ��� LV� QRW� RQO\� TXDQWLWDWLYH� EXWDOVR� TXDOLWDWLYH�� )LJ����� )RU� TH� ���� VPRRWKUHYHUVLEOH�FKDQJHV�DUH�REVHUYHG�W\SLFDO�RI�WKH
VHFRQG� RUGHU� WUDQVLWLRQ�� )LJ����� ,Q� FRQWUDVW�
ZKHQ�TH� ������'5�IHDWXUHV�D�VWURQJ�K\VWHU�HVLV�DV�LQ�WKH�ILUVW�RUGHU�WUDQVLWLRQ�

7KH� PDLQ� H[SHULPHQWDO� ILQGLQJV�� L�H��
QRQOLQHDU�D�F���QRQ�FRQVWDQW�F,F�F��DQG�K\V�WHUHVLV��GR�QRW�ILW�LQ�DQ�REYLRXV�PDQQHU�WKH
PRGHOV� RI� QRQ�LQWHUDFWLQJ� G\H� PROHFXOHV�
EXW� FDQ� EH� TXDOLWDWLYHO\� H[SODLQHG� E\� WKH
G\H�DJJUHJDWLRQ�

/HW�WKH�XQLW�YHFWRUV�D�DQG�G�PDNLQJ�WKH
DQJOH�TG�EH�WKH�DJJUHJDWH�D[LV�DQG�ORQJ�D[LVRI� '�� PROHFXOH�� UHVSHFWLYHO\�� )LJ����� 7KH

)LJ����� &RHIILFLHQW� Dc���� YV� F�� VROLG� OLQH�
Dc����F������ ,QVHUW�� Dc���� YV� F�� VROLG� OLQH�
Dc����F���+RPHRWURSLF����PP�FHOO�

)LJ�����1RUPDOL]HG�RQ�D[LV�WUDQVPLWWDQFH�RI�D
SODQDU� ��� PP� FHOO� YV� LQFUHDVLQJ� �o�� DQG� GH�
FUHDVLQJ��m��LQWHQVLW\�,�RI�OLJKW�SRODUL]HG�HLWKHU
QRUPDOO\� ���� TH� ������ RU� SDUDOOHO� ���� TH� ���� WRWKH�LQLWLDO�GLUHFWRU��F� ����������7KH�UDPSLQJ
VSHHG� LV� �� V� SHU� GDWD� SRLQW�� D� VORZHU� VSHHG
����V�SHU�SRLQW�GRHV�QRW�FKDQJH�WKH�GDWD�

)LJ�����3URGXFW�,F�F��F�YV�F��KRPHRWURSLF����PPFHOO�
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WZR� SKHQ\O� JURXSV� VWLFNLQJ� RXW� RI� WKH� '�
PROHFXODU� SODQH� VXJJHVW� WKDW� IXOO� IDFH�WR�
IDFH� FRQWDFW� RI� WKH� DGMDFHQW� PROHFXOHV� LV
KLQGHUHG��VR�WKDW�TG�z�S����$W�WKH�UHRULHQWD�WLRQ�� WKH� LQLWLDO� GLUHFWRU� Q�� FKDQJHV� WR� QZKLFK� LV� LWV� SHUWXUEHG� VWDWH�� D� 0DNHV� D
QRQ]HUR�DQJOH�TD�ZLWK�Q��WKH�WLOWHG�VWDFN�RIWKH� SODQH�OLNH�PROHFXOHV� LV� DQFKRUHG� WR� WKH
GLUHFWRU�Q��EXW�QHLWKHU�D�QRU�G�LV�SDUDOOHO�WR
Q��7KH�DJJUHJDWH�FDQ�URWDWH�DERXW�WKH�GLUHF�
WRU�Q�� EXW�QRW�DERXW� LWV� RZQ�D[LV�D� DV� WKLV
ZRXOG� FKDQJH� WKH� RULHQWDWLRQ� RI� 1/&� PROH�
FXOHV�DW�WKH�DJJUHJDWH�VXUIDFH��7KH�DJJUHJDWH
RULHQWDWLRQV� DUH� UDQGRPO\� GLVWULEXWHG� RYHU� D
FRQH� ZLWK� WKH� DSH[� DQJOH� TD� DQG� D[LV�Q�� ,QWKH�DEVHQFH�RI�ILHOG��WKH�FRQH�D[LV�LV�Q���7KHHOHFWULF� ILHOG� RI� OLJKW� (� �(H� SRODUL]HV� WKH
DJJUHJDWH� WKXV� FUHDWLQJ� D� WRUTXH� *D� WKDWUHRULHQWV�LW��7KLV�UHRULHQWDWLRQ�FDXVHV�GLUHF�
WRU�GLVWRUWLRQV��PRVWO\�WZLVW�DERXW� WKH�D[LV
RI� DJJUHJDWH� UHRULHQWDWLRQ�� 7KH� GLVWRUWLRQV
UHVXOW�LQ�WKH�HODVWLF�SDLU�LQWHUDFWLRQ�EHWZHHQ
DJJUHJDWHV� WKDW� GHSHQGV� RQ� WKHLU� RULHQWD�
WLRQV� UHODWLYH� WR� HDFK� RWKHU� DQG� WR� (�� 7KH
HIIHFW�RI�DOO�SDLU� LQWHUDFWLRQV�GHSHQGV�REYL�
RXVO\� RQ� WKH� D[LV� Q�� RI� WKH� RULHQWDWLRQDOGLVWULEXWLRQ�FRQH�UHODWLYH�WR�(��$V�D�UHVXOW�
WKH�IUHH�HQHUJ\��)(��GHSHQGV�ERWK�RQ�Q��DQG(�� )RU� D� IL[HG�(�� WR�PLQLPL]H� WKH� )(�� WKH
GLUHFWRU�PLJKW�URWDWH�E\�VRPH�DQJOH�T�IURP
WKH� LQLWLDO� VWDWH� Q�� WR� WKH� QHZ� VWDWH� Q�ZKLFK� LV� WKH�'5�HIIHFW��7R� ILQG�T�DQG�WKXV
WR� GHVFULEH� WKH� '5�� ZH� VKDOO� H[SODLQ� ILUVW
KRZ�WKH�LGHD�RI�DJJUHJDWLRQ�LV�VXEVWDQWLDWHG
E\� WKH� GDWD� RQ� OLJKW� DEVRUSWLRQ� DQG� SR�
ODUL]DELOLW\�� 7KHQ� ZH� VKDOO� HVWLPDWH� WKH
ILHOG�LQGXFHG� SRODUL]DWLRQ� DQG� WRUTXH� *D�DQG� ILQDOO\�� D� VLPSOH� 2QVDJHU�W\SH� PRGHO
ZLOO�EH�LQWURGXFHG��ZKHUH�WKH�DJJUHJDWH�LQWHU�
DFWLRQ�LV�PRGHOHG�E\�WKH�H[FOXGHG�YROXPH�HI�
IHFW��7KH�ILHOG�LQGXFHG�GLUHFWRU�GLVWRUWLRQV�LQ�
FUHDVH� WKH� H[FOXGHG� YROXPH� DQG� WKXV� ORZHU
WKH� HQWURS\�� ERWK� WKH� H[FOXGHG� YROXPH� DQG
HQWURS\� GHSHQG� RQ�Q� UHODWLYH� WR�(��7R� DYRLG
WKH�HQWURS\�ORVV��WKH�V\VWHP�UHOD[HV�E\�UHRUL�
HQWLQJ�Q�WR�WKH�PD[LPXP�HQWURS\�VWDWH�

)RU�VLPSOLFLW\�VDNH��OHW�DOO�WKH�DJJUHJDWHV
KDYH� WKH� VDPH� DJJUHJDWLRQ� QXPEHU� 1�a���
DQG�OHQJWK�1O�DQG�WKHLU�GHQVLW\�EH�U� �FU��1�)LUVW�� ZH� H[SODLQ� ZK\� WKH� SRODUL]DELOLW\� Dc
RI� '�� DJJUHJDWHV� LV� KLJKO\� QRQOLQHDU
ZKHUHDV� WKH� DEVRUSWLRQ� LV� OLQHDU� LQ� F�� 2Q
OLJKW�DEVRUSWLRQ��WKH�JURXQG�VWDWH��J��RI�WKH
G\H�PROHFXOH�WUDQVIRUPV�LQWR�WKH�H[FLWHG��H�
VWDWH�� 7KH� DEVRUSWLRQ� DQG� SRODUL]DELOLW\� RI
G\H�PRQRPHUV�DUH�SURSRUWLRQDO�WR�F��UHJDUG�
OHVV�RI�ZKHWKHU�WKH\�DUH�LQ�WKH�J�RU�H�VWDWH�
+RZHYHU�� WKH� HQHUJ\� EDQG� VWUXFWXUH� RI� D

FRQMXJDWHG� RQH�GLPHQVLRQDO� FKDLQ� RI� 1
PROHFXOHV� �VXFK� DV�� H�J��� -�DJJUHJDWHV�� LV
VLPLODU� WR� WKDW� RI� D� VHPLFRQGXFWRU� >�@��7KH
J� HOHFWURQV� DUH� ORFDOL]HG� DW� WKH� LQGLYLGXDO
PROHFXOHV��WKH�J�VWDWH�SRODUL]DELOLW\����O�DQG
WKH� WRWDO� SRODUL]DELOLW\� RI� DJJUHJDWHV� VFDOHV
DV�U1O���FO��+RZHYHU��WKH�H�HOHFWURQV�DUH�GH�
ORFDOL]HG�DQG�FDQ�PRYH�DORQJ�WKH�DJJUHJDWH
D[LV��VR�WKDW�WKH�SRODUL]DELOLW\�RI�DQ�DJJUH�
JDWH�ZLWK�1H� H[FLWHG�PROHFXOHV� LV���1H�1O�
��1�O�� 7KHQ� WKH� WRWDO� SRODUL]DELOLW\��� U1�O
��F1O�ZKLFK��LQGHHG��PD\�EH�QRQOLQHDU�VLQFH
1� VWURQJO\� GHSHQGV� RQ� F� >����@�� $� VLPLODU
GHSHQGHQFH� RQ� WKH� DJJUHJDWLRQ� QXPEHU� 1
ZDV�REVHUYHG� IRU�UHVRQDQFH� OLJKW� VFDWWHULQJ
LQ� LVRWURSLF� VROXWLRQV� >��@�� :H� HPSKDVL]H
WKDW�LI�WKH�H[FLWDWLRQV�ZHUH�ORFDOL]HG�DW�WKH
LQGLYLGXDO� PROHFXOHV�� WKH� SRODUL]DELOLW\
ZRXOG�EH�OLQHDU�LQ�F��DQG�WKXV�ERWK�WKH�G\H
DJJUHJDWLRQ� DQG� GHORFDOL]DWLRQ� RI� WKH� H[�
FLWHG� HOHFWURQV� DUH� QHFHVVDU\� IRU� WKH� QRQ�
OLQHDULW\�>��@��7KHUHIRUH��ERWK�Dc����DQG�Dc���LQ� )LJ���� KDYH� WR� EH� DWWULEXWHG� WR� WKH� H[�
FLWHG�PROHFXOHV� LQ�DJJUHJDWHV��7KHQ�Dc(�� LV
WKH� OLQHDU� SRODUL]DELOLW\� RI� WKH� H�PROHFXOHV
LQ� WKH� DJJUHJDWHV�ZKLFK��(�� VLQFH�1H���(��
7KXV�� WKH� DJJUHJDWHV� DEVRUE� OLJKW� LQ� WKH� J
VWDWH� ZKHUHDV� WKH� LQGXFHG� SRODUL]DWLRQ
FRPHV� IURP� WKH� H� VWDWH�� 7KLV� H[SODLQV� LQ� D
XQLTXH�ZD\�ZK\�WKH�OLJKW�DEVRUSWLRQ�LV�QHFHV�
VDU\� DQG� ZK\� LW� LV� OLQHDU� ZKHUHDV� WKH� SR�
ODUL]DELOLW\�LV�KLJKO\�QRQOLQHDU�LQ�F�

7KH� WUDQVLWLRQ� GLSROH� PRPHQW� RI� WKH� '�� J
PROHFXOH� LV� DORQJ� LWV� ORQJ� D[LV� G�� %HFDXVH� RI
GHORFDOL]DWLRQ�� WKH� GRPLQDWLQJ� FRPSRQHQW� RI
WKH�ILHOG�LQGXFHG�SRODUL]DWLRQ�3�RI�DQ�DJJUHJDWH
LV�DORQJ�D��7KH� OLJKW�DJJUHJDWH� LQWHUDFWLRQ�HQ�
HUJ\�FDQ�EH�H[SUHVVHV�DV��Ü�3�(�� �ÜJJ�M��Q��H��
ZKHUH�J�M��T��TH�� ��G�M��T��H����D�M��T��H��� DQG

)LJ�����*HRPHWU\�RI�WKH�FROXPQDU�DJJUHJDWH�
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J���1�O(���M�LV�WKH�D]LPXWKDO�DQJOH�PDGH�E\
WKH� SODQHV� �H�� Q��� Q�� DQG� �Q�� G�� D��� 7KLVLQWHUDFWLRQ� JLYHV� ULVH� WR� D� WRUTXH� RQ� WKH
DJJUHJDWH��+HUH�ZH�RQO\�QHHG�LWV�FRPSRQHQW
*D� DORQJ� WKH� YHFWRU� QuD� ZKLFK� REWDLQV� DVPLQXV�WKH�TD�GHULYDWLYH�RI�WKH�HQHUJ\��L�H���

*�M�T�TH�(�� �J�(�wJ�e�wTD��� ���
/HW� XV� HVWLPDWH� J�a�3(�� 'HORFDOL]DWLRQ� RI

WKH� H[FLWHG� HOHFWURQV� LPSOLHV�3�a�� �HOHPHQWDU\
FKDUJH��u�O�ZKHUH�O�a���Ü��P��)RU�F� �������WKH
-DQRVV\�FULWLFDO�ILHOG�(�a�����RI�WKH�)UHGHULNV
WKUHVKROG�S�.�e�K�H�'H��e��ZKHUH�.�a�����Ü���1
LV�WKH�HODVWLF�FRQVWDQW��'H|�����LV�WKH�GLHOHFWULF
DQLVRWURS\� IRU� O� �����QP��H�� LV� WKH� YDFXXPSHUPLWWLYLW\�� )RU� K� ����PP� WKLV� JLYHV� 3�a
���'��(�a�������9�P��DQG�J�a�����Ü���-�

7KH� H[SHULPHQW� VKRZV� WKDW� WKH� GLHOHFWULF
SHUPLWWLYLW\� RI� �&%�'��� ZKLFK� GHWHUPLQHV
WKH� GLHOHFWULF� WRUTXH�� FKDQJHV� YHU\� OLWWOH� DV
FRPSDUHG�WR�WKDW�RI�SXUH��&%��7KXV��WKH�LQ�
GXFHG� 3� LV� FRPSHQVDWHG� E\� WKH� GHSRODUL]LQJ
FRDW�RI�WKH�/&�PROHFXOHV��1RQHWKHOHVV��DV�WKH
EDODQFLQJ� WRUTXH� Ü*� LV� GLVWULEXWHG� RYHU� WKH
FRDW�� WKH� GLUHFWRU� WKHUHLQ� LV� GLVWRUWHG�� 7KLV
GLVWRUWLRQ�LV�PDLQO\�D�WZLVW�DERXW�WKH�D[LV�QuD
DURXQG� ZKLFK� WKH� DJJUHJDWH� LV� UHRULHQWHG� E\
WKH�ILHOG��7KH�WZLVW�DPSOLWXGH�GT� LQ�WKH�FRDW�
GHILQHG�DV�WKH�DQJOH�EHWZHHQ�WKH�GLUHFWRU�DW
WKH� DJJUHJDWH� VXUIDFH� DQG� Q��� FDQ� EH� HVWL�PDWHG�IURP�WKH�ERXQGDU\�FRQGLWLRQ�GHVFULE�
LQJ�WKH�EDODQFH�RI�WKH�GLHOHFWULF�DQG�HODVWLF
WRUTXH� RQ� WKH� DJJUHJDWH� VXUIDFH�� *�a
.�GT�UB��9�ZKHUH�9�a�16UB� LV�WKH�GRPDLQ�YRO�
XPH�DQG�6� LV�WKH�DJJUHJDWH�ODWHUDO�DUHD�SHU
FRQVWLWXHQW�PROHFXOH��7KH�WZLVW�SURGXFHG�E\
URGV�D�M���DQG�D�M����FRPH�VHSDUDWHG�E\�VRPHWDQFH� Uu�� LV� _'T�Uu_�� ZKHUH
'T� �GT�M�����GT�M��FRV'M�� GT�M��� � DQG� GT�M��
DUH� WKH� WZLVW� DPSOLWXGHV�� DQG� 'M� �M��Ü�M��:KHQ�WKH�WZR�URGV�DUH�SDUDOOHO��M�� �M���WKHQWKH�WZR�WZLVWV�FDQFHO�RXW��DQG�WKH�DJJUHJDWHV
GR� QRW� LQWHUDFW�� ZKHUHDV� ZKHQ� 'M� �S� WKH\
UHSHO� HDFK� RWKHU� ZLWK� WKH� PD[LPXP
VWUHQJWK��:KHQ�WKH�GLVWDQFH�Uu�LV�VPDOO�DQG�WKH
GLVWRUWLRQV�DUH�ODUJH��WKH�JUDGLHQW�_'T�Uu_�PLJKW�H[�FHHG� WKH� LQYHUVH�QHPDWLF� FRUUHODWLRQ� OHQJWK
��[��[a��OP�>��@�DQG�WKH�DJJUHJDWHV�VKRXOG
UHSHO� HDFK� RWKHU� DV� KDUG� URGV� ZLWK� HIIHF�
WLYHO\� LQILQLWH� SRWHQWLDO� DV� DW� Uu���[_'T_WKH� GLUHFWRU� GLVWRUWLRQV� ZRXOG� EH� DFFRPSD�
QLHG� E\� WKH� KLJKO\� HQHUJHWLF� FKDQJH� RI� WKH
VFDODU�RUGHU�SDUDPHWHU�

7KH�ODWWHU�IHDWXUH�UHPLQGV�RQH�RI�WKH�2Q�
VDJHU� PRGHO� >��@�� LQ� ZKLFK� UHSXOVLRQ� RI� WKH

KDUG� URGV� RI� OHQJWK� /� DQG� GLDPHWHU� G���/
WKURXJK� WKH� �H[FOXGHG� YROXPH�� HIIHFW� UH�
VXOWV� LQ� WKH� HQWURS\� GURS� �U�7/�G� �FRP�
SDUHG� WR� WKH� LGHDO� JDV� RI� VL]HOHVV� SDUWLFOHV�
ZKHUH�U� LV� WKH� URG� GHQVLW\� DQG�7� LV� WKH� WHP�
SHUDWXUH��,Q�RXU�FDVH��WKH�GLUHFWRU�GHIRUPDWLRQV
DW�(�z���PDNH� WKH� URGV� WKLFNHU� WKDQ� WKH�EDUH
URGV� DW�(� ���E\� VRPH� OHQJWK�'��GoG���'�
ZKLFK�FDQ�EH�HVWLPDWHG�IURP�WKH�FRQGLWLRQV
'T�'|��[�DQG�(T������
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Z K H U H � '( � �J�(�[� �.1'6U� �� � � �,�� DQG
J� �J�M�� Q�� H��� 7KH� HIIHFWLYH� LQFUHDVH� RI
KDUG�FRUH�GLDPHWHU�����RI�WZR�URGV�GHSHQGV�RQ
WKHLU�RULHQWDWLRQ�UHODWLYH�WR�(�DQG�Q��LW�JURZV
DV�(���UHDFKHV�D�PD[LPXP�ZKHQ�WKH�FROXPQV
DUH�FURVVHG��'M� �S��DQG�YDQLVKHV�IRU�'M� ���

7KH� DQJXODU� GHSHQGHQFH� RI�'� DOORZV� XV
WR�HVWLPDWH�WKH�'5�WKUHVKROG�E\�FRQVLGHULQJ
WKH� )(� RI� RXU� V\VWHP� DV� LQ� WKH� 2QVDJHU
PRGHO� >��@�� UHSODFLQJ� WKH� URG� OHQJWK� DQG
GLDPHWHU�E\�1O�DQG�'��UHVSHFWLYHO\��DQG�DV�
VXPLQJ� KRPRJHQHRXV� M�GLVWULEXWLRQ� RI� WKH
URG�RULHQWDWLRQ�DURXQG�WKH�GLUHFWRU��7KLV�)(
GHQVLW\�LV�WKH�VXP
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RI� WKH� HODVWLF� WHUP� �]� LV� WKH� FRRUGLQDWH
DFURVV� WKH� VDPSOH�� DQG� WKH� HQWURS\� GURS
�N;�� +HUH� N�(�� �FU�1O��'(� �U�F�O�'(�(�
FKDUDFWHUL]HV�WKH�H[FOXGHG�YROXPH�DQG
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ZKHUH�
E� ��VLQTDVLQ�'M���>��Ü�VLQ�TDVLQ��'M���@���� LV
VLQH� RI� WKH� DQJOH� PDGH� E\� WKH� WZR� FURVVLQJ
FROXPQV� >��@�� 1RZ� ZH� FDQ� GHULYH� WKH� F� GH�
SHQGHQFH�RI�WKH�FULWLFDO�LQWHQVLW\�,F�F���$W�WKH'5� WKUHVKROG�� WKH� G\H�LQGXFHG� WRUTXH� RULJL�
QDWHG�IURP�WKH�WHUP��7N�LV�HTXDO�WR�WKH�HODVWLF
WRUTXH��.�K��ZKLFK�JLYHV�7N�,F��.�K���,Q�WKH
FRQWH[W�RI�WKH�DERYH�HVWLPDWHV�J�1���Dc�F1�DQG
WKH� H[SHULPHQWDO� WUHQG� Dc����a�F����� ZH� ILQG
,F�.��K'(�F��e�7��e��a�FÜ��XVLQJ�Dc����a�F�� LQVWHDG
RI�Dc����JLYHV�,F�a�FÜ�����7KLV�H[SODLQV�TXDOLWDWLYHO\WKH�GHYLDWLRQ�IURP�F,F�a�FRQVW�LQ�)LJ������ ���7R
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GHVFULEH� WKH� '5�� LQ� WKH� GLUHFWRU� UHIHUHQFH
IUDPH� ZKHUH� Q� ���������� H� ����� VLQ�TH���T��
FRV�TH���T��� DQG� D� ��VLQTDVLQM�� VLQTDFRVM�
FRV�TD��ZH�IL[�TD��TG��TH�DQG�FDOFXODWH�WKH�)(³I
�

K
G]�YV�T� IRU�GLIIHUHQW�N��7KH�HQWURS\�GURS

;� GRHV� RIIHU� D� UHOHYDQW�PHFKDQLVP� RI�'5�
;� GHSHQGV� RQ� WKH� DQJOH� TH� EHWZHHQ�(� DQG�Q
DQG�KDV�D�PLQLPXP�IRU�VRPH�T� �TPLQ��)LJ����
)RU�TH� ������;�T��RIIHUV�D�SRVVLELOLW\�WKDW�IRU
VXIILFLHQWO\�ODUJH�TD�WKH�WUDQVLWLRQ�IURP�T� ��
WR�TP�FDQ�EH�RI�WKH�ILUVW�RUGHU��FXUYH����ZKLOH
IRU� ODUJHU�TD�� LW� FDQ�EH�RI�WKH�VHFRQG�RUGHU
�FXUYH�����$W�WKH�VDPH�WLPH��WKH�SRLQW�T� ��
LQ�WKH�JHRPHWU\�ZLWK�TH� ���LV�KLJKO\�XQVWD�EOH�� 7KLV� SLFWXUH� LV� MXVW� WKDW� LV�QHFHVVDU\� WR
GHVFULEH�WKH�H[SHULPHQW��7KH�HODVWLFLW\�UHVLVWV
WKH� OLJKW�LQGXFHG�'5�ZKLFK�� DV� D� UHVXOW��FDQ
RFFXU� RQO\� IRU� VXIILFLHQWO\� ODUJH�N�,���EXW�WKH
WRWDO�)(�EHKDYHV�VLPLODUO\�WR�;��:H�KDYH�FDOFX�
ODWHG� WKH� HIIHFW� RI� HODVWLFLW\� �T� ��� DW� WKH� FHOO
VXEVWUDWHV�� IRU� TD� ������ TG� ������ DQG� WKHDERYH�YDOXHV�RI�1D��FG��.�DQG�K��7KH�QRUPDO
ILHOG�� TH� ������ FDXVHV� WKH� ILUVW� RUGHU� WUDQVL�
WLRQ�IURP�T� ���WR�T�J�����DW�NAJ������Ü��DQG
WKH� UHYHUVH� WUDQVLWLRQ� DW� N

AJ����NA�� $W
WKH�VDPH�WLPH��WKH�ILHOG�DORQJ�WKH�GLUHFWRU��TH ���� FDXVHV� WKH� VHFRQG� RUGHU� WUDQVLWLRQ� DW
N�J����NA� �,��,AJ� � ������� ,Q� RXU�PRGHO� WKHIRFXVLQJ�GHIRFXVLQJ�FURVVRYHU�LV�QRW�UHODWHG
WR�WKH�VLJQ�FKDQJH�RI�WKH�GLHOHFWULF�FRQVWDQW
DV� LWV� RULJLQ� LV� WKHUPRG\QDPLF� UDWKHU� WKDQ
GLHOHFWULF�� )RU� RXU� SDUDPHWHUV�� LW� RFFXUV� DW
TH�LQY|����� 7KLV� EHKDYLRU� LV� FORVH� WR� WKDW� RE�
VHUYHG�LQ�WKH�H[SHULPHQW��:LWK�NQRZQ�NA��WKH
OLJKW�LQGXFHG�WRUTXH�J�RQ�DQ�DJJUHJDWH�IRU�WKH
H[SHULPHQWDO� LQWHQVLW\�,F� DQG�F� ������FDQ�EH
IRXQG�IURP�WKH�GHILQLWLRQV�RI�N�DQG�'(��7KLV�JLYHV
�����RI�WKH�DERYH�HVWLPDWH�J�a�3(�ZLWK�3�a����'�
7KXV��WKH�LQGXFHG�DJJUHJDWH�GLSROH�VXIILFLHQW
IRU� WKH� '5� LV� VPDOO�� 3�a���'��ZKLFK�VKRZV
KLJK� HIILFLHQF\� RI� WKH� PHFKDQLVP�� $QRWKHU
SURSHUW\�WKDW�PDNHV�WKLV�WKHUPRG\QDPLF�PHFKD�
QLVP� HIILFLHQW� LV� WKDW� WKH� PHDQ� VHSDUDWLRQ� RI
DJJUHJDWHV� UB� �UÜ���� LV� FORVH� WR� [� DQG� KHQFH
WKHLU�HODVWLF�UHSXOVLRQ�LV�DSSUHFLDEOH�

7R� FRQFOXGH�� ZH� KDYH� VKRZQ� WKDW� WKH
G\H� DJJUHJDWLRQ� PD\� EH� RQH� RI� WKH� IHD�

WXUHV� RI� -DQRVV\� HIIHFW�� 7R� FRQFOXGH�� ZH
KDYH�VKRZQ�WKDW�WKH�G\H�DJJUHJDWLRQ�PD\�EH
WKH�UHDVRQ�IRU�WKH�-DQVV\�HIIHFW�

$FNQRZOHGJPHQWV�� :H� DUH� JUHDWIXO� WR
2�'�.DFKNRYVN\�� $�%�1\FK�� %�,�/HY�
<X�3�3LU\DWLQVNL\��<X�$�1DVW\VK\Q��3�0�7RP�
FKXN��3�-�&ROOLQJV�DQG�$�6�=RORW�NR�IRU�GLV�
FXVVLRQV�� 7KH� ZRUN� ZDV� VXSSRUWHG� E\� 1$6
RI� 8NUDLQH� YLD� *UDQW� ������%����� DQG
&5')�DZDUG��8.�3�������.9�����

5HIHUHQFHV�
� ���/�0DUUXFFL��/LT��&U\VW��7RGD\���������������
� ���,�-DQRVV\��$�'�/OR\G��%�6�:KHUUHWW��0RO��&U\VW�

/LT��&U\VW��� ����� �� �������� ,�-DQRVV\�� /�&VLOODJ�
$�'�/OR\G��3K\V��5HY��$������������������

� ���-�(�/\GRQ�� &XUU��2SLQ��&ROORLG� ,QWHUIDFH� 6FL��
��������������

� ���0�6KHLN�%DKDH��-��4XDQW��(OHFW�����������������
� ���9�*D\YRURQVN\��0RO��&U\VW��/LT��&U\VW�������� ���

�������
� ���6�*�/XNLVKRYD��-��1RQO��2SW��3K\V��0DWHU�����

�����������
� ���5�0XHQVWHU��0�-DUDVFK��3K\V��5HY��/HWW���������

�������
� ���0�%DUQLN��$�=RORW�NR�HW�DO���&U\VWDOORJU��5HS��

���������������
� ���<X�$�1DVWLVKLQ��3K\V��5HY��(��������������������
����0�.DVKD�� LQ�� 6SHFWURVFRS\� RI� WKH� ([FLWHG

6WDWH��HG��E\�%�'L�%DUWROR��3OHQXP��1<��������
����-�3DUNDVK��%LRSK\V��-�������������������
����/�2QVDJHU��$QQ���1<�$FDG��6FL������������������
����1�6FKRSRO�� 7�-�6OXFNLQ�� 3K\V��5HY��/HWW��� ���

����� �������� -��3K\V���)UDQFH��� ���� ����
��������(�3HQ]HQVWDGOHU��+��5�7UHELQ��-��3K\V�
�)UDQFH��� ���� ����� �������� $�6DUODK�
6�=XPHU��3K\V��5HY��(������������������

)LJ����� (QWURS\� UHGXFWLRQ� ;�T�� Ü� ;���� IRU
TH� ����� �(�A�Q��� ORZHU� DEVFLVVD�� DQG� TH� ���
�(__Q��XSSHU�DEVFLVVD���TG� �����������TD� �����
����TD� ����������TD� ������
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