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7KH�JUDGLHQW�RI�VWURQJ�VWUD\�ILHOGV�JHQHUDWHG�E\�YDULRXV�V\VWHPV�RI�SHUPDQHQW�PDJQHWV

ZLWK�JLDQW�PDJQHWLF�DQLVRWURS\�KDV�EHHQ�FDOFXODWHG�� ,W� LV�VKRZQ�WKDW�WKH�JUDGLHQW�YDOXHV
QHDU� VLQJXODU� SRLQWV� DUH� FKDUDFWHUL]HG� E\� WKH� GHSHQGHQFH��s�|�k06���U��� ZKHUH�$� LV� DFRQVWDQW� IRU� WKLV� V\VWHP� RI�PDJQHWV��06� LV� WKH� VDWXUDWLRQ�PDJQHWL]DWLRQ� RI� WKH�PDJQHWPDWHULDO��U�LV�WKH�GLVWDQFH�IURP�WKH�VLQJXODU�SRLQW��7KH�ILHOG�JUDGLHQW�LQ�WKRVH�DUHDV�PD\
UHDFK�DERXW�����WR�����2H�°P��7KH�LQGLFDWHG�JUDGLHQW�OHYHO�LV�FRPSDUDEOH�ZLWK�PD[LPXP
YDOXHV� DFKLHYHG� LQ� VXSHUFRQGXFWLQJ� VROHQRLGV� VXSSOLHG�ZLWK� WKH� FRQLFDO� WLSV� SURGXFHG� RI
VRIW�PDJQHWLF�PDWHULDO� ZLWK� KLJK�06�� ,W� LV� HVWDEOLVKHG� WKDW� WKH� YROXPH� IRUFHV�ZLWK� WKHVSHFLILF�GHQVLW\�RI�I�|��06��U�DULVH�QHDU�VLQJXODU�SRLQWV� LQ�WKH�PDJQHW�PDWHULDO�EHLQJ� LQKLJK�JUDGLHQW� ILHOG��7KH�PHFKDQLFDO� VWUHVV� LQ�D�PDJQHW� FDXVHG�E\� WKHVH� IRUFHV� LV� FKDUDF�
WHUL]HG�E\�WKH�GHSHQGHQFH�V�|��S06�OQ�È�;PLQ��DQG�PD\�UHDFK��Ü��NJ�PP��
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7KH� V\VWHPV� RI� SHUPDQHQW�PDJQHWV� JHQ�
HUDWLQJ�VWURQJ�PDJQHWLF� VWUD\� ILHOGV��ZKLFK
DUH� WKH� ILHOGV� ZLWK� VWUHQJWK� YDOXHV�+� H[�
FHHGLQJ� WKH� VDWXUDWLRQ� LQGXFWLRQ�%6� RI� WKH
PDJQHW� VXEVWDQFH�� +�!�%6� ��S06�� ZHUHGHVFULEHG� LQ� VHYHUDO�ZRUNV� >�Ü�@��([LVWHQFH
RI� VXFK� ILHOGV� ZDV� SURYHG� E\� FDOFXODWLRQV
DQG�WHVWHG�H[SHULPHQWDOO\�>����@��7R�SURYLGH
WKH�VWURQJ�VWUD\�ILHOGV��WKH�PDJQHW�PDWHULDO
XQLD[LDO� DQLVRWURS\� ILHOG�+z�!!��S06�� DQG
FRHUFLYH� IRUFH�+&�a��S06� DUH� QHFHVVDU\�� ,Q>�@��WKH�IUDPH�RI�PDJQHW�V\VWHPV�JHQHUDWLQJ

WKH�VWURQJ�ILHOGV�ZDV�GHILQHG��VXFK�V\VWHPV
ZHUH� RSWLPL]HG� DV� ZHOO�� 7KH� VWURQJ� ILHOGV
ZHUH� UHYHDOHG� >����@� LQ� WKH� UDUH� HDUWK� �5(�
EDVHG� SHUPDQHQW� PDJQHW� V\VWHPV�� 7KHVH
UHODWLYHO\�QHZ�IXQFWLRQDO�PDWHULDOV�DUH�XVHG
ZLGHO\�LQ�YDULRXV�ILHOGV�RI�PRGHUQ�HQJLQHHU�
LQJ� >�@��7KH�SHFXOLDU�SURSHUW\� RI� WKHVH�PD�
WHULDOV� LV� PDJQHWLF� DQLVRWURS\� JLDQW� ILHOGV
DPRXQWLQJ� WR� KXQGUHGV� WKRXVDQGV� RI
2HUVWHGV� >�@��7KH�DSSOLFDWLRQ�DUHDV�RI�WKRVH
PDJQHW� V\VWHPV� DUH� EHLQJ� ZLGHQHG� VWHDGLO\
DV� WKH� NQRZOHGJH� RQ� WKHLU� SURSHUWLHV� EH�
FRPHV�PRUH�SURIRXQG��5HYHDOLQJ�WKH�VWURQJ

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�,QVWLWXWH�IRU�6LQJOH�&U\VWDOV
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PDJQHWLF� ILHOG� HIIHFW� LQ� WKHVH� PDJQHWV� H[�
WHQGV� VXEVWDQWLDOO\� WKH� IXQFWLRQDO� FDSDELOL�
WLHV�WKHUHRI��IRU�H[DPSOH��WKRVH�FDQ�EH�XVHG
LQ� PDJQHWLF� UHFRUGLQJ� WHFKQLTXHV� DV� PDJ�
QHWLF�KHDGV�IRU�UHFRUGLQJ�RQWR�KLJK�FRHUFLYH
VWRUDJH�PHGLXP� >�@�� LQ� ELRORJ\� >�@�� IRU� GH�
YHORSPHQW�RI�(65�PLFURVFRSH�>��@��HWF�
7KH�VWURQJ�VWUD\�ILHOGV�LQ�PDWHULDOV�ZLWK

JLDQW� DQLVRWURS\� LQ� WKH�PRVW� FDVHV� DUH� QRW
RQO\�VWURQJ�EXW�YHU\�LQKRPRJHQHRXV��,Q�>��
�@�� WKH� ILHOG� JUDGLHQW��s� IRU� D� VLPSOH� V\V�
WHP� RI� WZR� PDJQHWV� ZDV� HYDOXDWHG�� 6LQFH
DQ\� V\VWHPDWLF� LQYHVWLJDWLRQV� RQ� WKH� ILHOG
JUDGLHQW� ZHUH� FDUULHG� RXW� QHLWKHU� LQ� WKHVH
ZRUNV�� QRU� LQ� RWKHUV� >������������@�� WKLV
VWXG\� LV� FDUULHG� RXW�� ,Q� SDUWLFXODU�� LW� LV� RI
LQWHUHVW�WR�HYDOXDWH�PHFKDQLFDO�VWUHVV�RFFXU�
ULQJ� LQ�WKH�PDJQHW�PDWHULDO�ZLWK�KLJK�JUD�
GLHQW�ILHOG��)XUWKHU��WKH�PDJQHWLF�ILHOG�JUD�
GLHQW��DV�VKRZQ�LQ�>�@��GHILQHV�LWV�LQIOXHQFH
RQ� ELRORJLFDO� REMHFWV�� 7KH� H[WHQW� RI� PDJ�
QHWLF� ILHOG� HIIHFW� WKHUHRQ� LV� GHILQHG� E\� WKH
SURGXFW� s�s�� 7KH� VDPH� FKDUDFWHULVWLF� LV
LPSRUWDQW� LQ� WKH�FDVH� RI�DQ� LQKRPRJHQHRXV
ILHOG� DSSOLFDWLRQ� IRU� VHSDUDWLRQ� RI� VXE�
VWDQFHV�ZLWK�GLIIHUHQW�PDJQHWLF�VXVFHSWLELO�
LW\�� 7KXV�� WKH� JUDGLHQW� LV� DQ� LPSRUWDQW
SK\VLFDO�FKDUDFWHULVWLF�RI�PDJQHWLF�ILHOG�WR�
JHWKHU�ZLWK�WKH�VWUHQJWK�RQH��7KH�KLJK�JUD�
GLHQW� ILHOGV� FDQ�EH� FRQVLGHUHG� DV� D� WRRO� IRU
LQIOXHQFH� RQWR� GLIIHUHQW� WHVW� REMHFWV� LQ
SK\VLFV�� HQJLQHHULQJ�� DQG� ELRORJ\�� 7KHUH�
IRUH�� LW� LV� LPSRUWDQW�WR�NQRZ�WKH�ILHOG�JUD�
GLHQW� OLPLWLQJ�YDOXHV� UHDFKHG�QHDU� VLQJXODU
SRLQWV� LQ� GLIIHUHQW� PDJQHW� V\VWHPV�� 7KXV�
VWXG\LQJ� WKH� VWURQJ� PDJQHWLF� ILHOG� JUDGL�

HQWV�LV�DQ�LPSRUWDQW�VFLHQWLILF�DQG�SUDFWLFDO
WDVN�
/HW�XV�FRQVLGHU�WKH�JUDGLHQW�RI�WKH�ILHOG

FUHDWHG�E\�WKH�VLPSOHVW�V\VWHP�RI�WZR�PDJ�
QHWV� �)LJ���D��� 7KH� ILHOG� VWUHQJWK� YHFWRU
RYHU�WKH�V\VWHP�VXUIDFH�LQFOXGHV�WZR�FRPSR�
QHQWV��+[�[�]�� DQG�+]�[�]��� WKH� WKLUG� FRP�SRQHQW�EHLQJ�+\�[�]��|����)LJ���E���7KH�YHU�WLFDO�FRPSRQHQW�RI�WKH�VWUD\�ILHOG�+]�[�]��LVGHVFULEHG�E\�WKH�H[SUHVVLRQ�

+]�[�]�� 
 ��06

®̄DUFWJ§̈©
D���[
]

·̧
¹�
��DUFWJ§̈©

D���[
]

·̧
¹����DUFWJ

§̈
©
[
]
·̧
¹
½¾¿�
���

ZKHUH�È�LV�FKDUDFWHULVWLF�PDJQHW�GLPHQVLRQ�
7KH� KRUL]RQWDO� FRPSRQHQW�+[�[�]�� LV� H[�SUHVVHG�DV�
+[�[�]�� �06>OQ�D����]�����D[���[����
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7KH� VXUIDFH� LQ� )LJ���E� FKDUDFWHUL]HV� WKH
ILHOG�FRPSRQHQW�+[�[�]��7KH� WHQVRU� RI� ILHOG� JUDGLHQW� LV� GHWHU�
PLQHG�IURP�WKH�FRQGLWLRQ�G+� �7+GU��ZKHUH

7+� �
°
°
°

°°
°°
�
w+[
w[
w+]
w[

��
w+[
w]
w+]
w]

°
°
°

°°
°°
�

���

$V� WKH� PDJQHWLF� ILHOG� s� LV� D� SRWHQWLDO
RQH�DQG�VDWLVILHV�WKH�/DSODFH�HTXDWLRQ�>��@�
WKH� ILHOG� JUDGLHQW� WHQVRU�7+� LV� V\PPHWULF�

)LJ�����6\VWHP�RI���PDJQHWV�DQG�\RNH��D���SORW�RI�VWUD\�ILHOG�WDQJHQWLDO�+;�[�]��FRPSRQHQW�IRU�WKHSRLQWV�ORFDWHG�RQ�WKH�SODQH�;2<�LQ�WKH�UHJLRQ�Ü���È���[������È��Ü���È���]������È��E���)RU�SORWWLQJ�
E�o�f��06� �����*V�ZHUH�DVVXPHG�
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DQG� WKH� IROORZLQJ� FRQGLWLRQV� DUH� IXOILOOHG
IRU�LWV�FRPSRQHQWV��
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)URP� (TXDWLRQV� ��Ü��� IRU� WKH� V\VWHP� RI
WZR�PDJQHWV��WKH�IROORZLQJ�H[SUHVVLRQV�FDQ
EH� REWDLQHG� IRU� WKH� �s� WHQVRU� FRPSRQHQWV��s[�WKDW�LV�SUHVHQWHG�EHORZ��
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,W�IROORZV�IURP�(T�����WKDW�RQ�WKH�VXUIDFH
RI� WKH� PDJQHWV� �]� ���� LQ� WKH� SRLQWV� ZLWK
FRRUGLQDWHV�²� ���DQG�²� �rÈ��DOO�WKH�FRPSR�
QHQWV� RI� WKH� ILHOG�JUDGLHQW� WHQVRU�DSSURDFK
LQILQLW\�� ,W� LV� VHHQ� IURP� (T����� WKDW� WKHVH
SRLQWV� DUH� VLQJXODU� DOVR� IRU� WKH� VWUD\� ILHOG

FRPSRQHQW� st�� L�H�� WKH� ILHOG� JUDGLHQWUHDFKHV�LWV�ODUJHVW�YDOXHV�LQ�WKH�VDPH�SRLQWV
DV� WKH� ILHOG�st�GRHV��7KH�VXUIDFH� LQ�)LJ���VKRZV� WKH�FDOFXODWHG�YDOXHV�RI�WKH�JUDGLHQW
FRPSRQHQW�ws[�w²��7KH�VLQJXODU�SRLQWV� DUHDOO� WKRVH� SRVLWLRQHG� DW� WKH� V\VWHP� HGJHV
VKRZQ�LQ�)LJV���D���E�DW�²� �rÈ��]� ����DQG
RQ� WKH� 2<� D[LV�� ,Q� WKH� YLFLQLW\� RI� WKHVH
SRLQWV�� WKH� ILHOG� JUDGLHQW� FRPSRQHQW� WDNHV
RQ� ODUJH� YDOXHV��$W� WKH� SRLQWV� O\LQJ�RXW� RI
2<� D[LV�� WKH� ILHOG� JUDGLHQW� KDV� ILQLWH� YDO�
XHV��7KLV�LV�VHHQ�IURP�)LJ����
.QRZLQJ�WKH�ILHOG�JUDGLHQW�WHQVRU�FRPSR�

QHQWV�� LW� LV�SRVVLEOH�WR�FDOFXODWH�WKH�GHULYD�
WLYH��Q�RI�WKH�ILHOG�YHFWRU�+�LQ�DQ�DUELWUDU\GLUHFWLRQ� Q� �FRVML���VLQMN�� 7KH� �Q� YHFWRULV�HTXDO�WR�VFDODU�SURGXFW��Q� ��7+�Q���6XE�VWLWXWLQJ� WKH� WHQVRU� FRPSRQHQWV� IURP
(TV����� LQWR� WKLV� H[SUHVVLRQ�� ZH� JHW� _�Q_� LVLQGHSHQGHQW� RQ� WKH� GLUHFWLRQ� RI� Q� YHFWRU
GUDZQ�IURP�WKH�SRLQW�|�DW�VPDOO�GLVWDQFHV�U
IURP�2<�D[LV��U� �>[����]�@�������D���
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,Q�WKH�FDVH�RI�U�a�È��LW�LV�QHFHVVDU\�WR�XVH
GLUHFWO\� WKH� (TV����� WR� FDOFXODWH� WKH� JUDGL�
HQW���
)RU� WKH� SRLQWV� SRVLWLRQHG� RQ� WKH�|t� RU

2=�D[HV�DW�VPDOO�GLVWDQFHV�IURP�WKH�FRRUGL�
QDWH� RULJLQ�� WKH� H[SUHVVLRQV� IRU�GHULYDWLYHV
LQ�|t�2=��GLUHFWLRQV�DUH�WKH�IROORZLQJ���

_7;_� �
�����CC�06

[ �������_7=_� �
�����CC�06
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7KH� (TV�� ���Ü���� FKDUDFWHUL]H� WKH� JUDGL�
HQW�RI�WKH�ILHOG�JHQHUDWHG�E\� WKH� V\VWHP�RI

)LJ�����3ORW� RI� ILHOG� JUDGLHQW� WHQVRU��²²�[�]�FRPSRQHQW� IRU� WKH� SRLQWV� ORFDWHG� LQ� WKH� UH�
JLRQ�Ü���È���[������È��Ü���È���]������È��)RU
�²²�[�]�� FDOFXODWLRQV�� WKH� YDOXH� 06� �����*V�ZDV�DVVXPHG�

)LJ����� )LHOG� JUDGLHQW� WHQVRU� �[[� FRPSRQHQWYV�[�D��IRU�GLIIHUHQW�GLVWDQFHV�IURP�WKH�SODQH
;2<��]� ������È�����DQG�]� �����È�����
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WZR�PDJQHWV��)LJ���D���,I�D�VLQJOH�PDJQHW�RI
SDUDOOHOHSLSHG� VKDSH� LV� FRQVLGHUHG� >�@�� WKH
ILHOG� JUDGLHQW� PRGXOH� LV� KDOYHG�� L�H�� DW� D
VPDOO� GLVWDQFH� IURP� LWV� HGJH� �U���� D�� WKLV
PRGXOH� LV� _�s_�|���CC�06���U��� 7KH� VLPLODUFDOFXODWLRQV� IRU� WKH� V\VWHPV� RI� WKUHH� DQG
IRXU�PDJQHWV� GHVFULEHG� LQ� >�@� JLYH� WKH�YDO�
XHV� _�s_�|���CC�06���U�� DQG� _�s_�|��06���U��UHVSHFWLYHO\��:KHQ� WKH� QXPEHU� RI�PDJQHWV
LQ� WKH� V\VWHP� LQFUHDVHV� IXUWKHU�� WKH
VWUHQJWK�RI�WKH�VWURQJ�VWUD\�ILHOG�DW�U����D
LV� FKDUDFWHUL]HG� E\� WKH� GHSHQGHQFH
+�|�$06OQ�D�U��� ZKHUH� WKH� SUH�ORJDULWKPIDFWRU� k� GHSHQGV� RQ� WKH� PDJQHW� V\VWHP
W\SH��DV�VKRZQ�LQ�>�@��7R�HVWLPDWH�WKH�OLPLW�
LQJ� JUDGLHQW� YDOXHV� LQ� GLIIHUHQW� V\VWHPV�
WKH�IRUPXOD�_�s_�|�$�CC�06���U��FDQ�EH�XVHG�1RWH� WKDW� LQ� D� F\OLQGULFDO�PDJQHW�ZLWK� UD�
GLDO� PDJQHWL]DWLRQ�� DV� VKRZQ� LQ� >��@�� WKH
FRHIILFLHQW�k� ��S��ZKLOH� LQ�WKH�QDUURZ�JDS
EHWZHHQ�D�SDLU�RI�VXFK�F\OLQGULFDO�PDJQHWV�
k� ��S�
/HW�XV�HVWLPDWH�WKH�OLPLWLQJ�JUDGLHQW�YDO�

XHV�IRU�WKH�V\VWHP�VKRZQ�LQ�)LJ���D��8VLQJ
(T�����Ü�����ZH�JHW�WKDW�LQ�WKH�VPDOO�YLFLQLW\
RI�WKH�SRLQW�|��WKH�JUDGLHQW�FDQ�UHDFK�KLJK
YDOXHV�� �+� ����� WR� ���� 2H�FP� DW� U�|����
WR� ����PP� DQG� D� VXIILFLHQWO\� ODUJH� PDJQHW
FKDUDFWHULVWLF�GLPHQVLRQ�D��U�������È��
,W�VKRXOG�EH�QRWHG�WKDW�ODUJH�JUDGLHQW�YDO�

XHV� FDQ� EH� FUHDWHG� QRW� RQO\�ZLWK� SHUPDQHQW
PDJQHWV�ZLWK�JLDQW�PDJQHWLF�DQLVRWURS\��)RU
H[DPSOH��D�KLJK�JUDGLHQW�ILHOG�DULVHV�LQ�D�QDU�
URZ�JDS�EHWZHHQ�WZR�FRQLF�WLSV�SRVLWLRQHG�LQ
KLJK� PDJQHWLF� ILHOG� SURGXFHG� E\� VXSHUFRQ�
GXFWLQJ�VROHQRLGV��7R�FDOFXODWH�WKH�ILHOG�JUD�
GLHQW�RI�WKLV�V\VWHP��WKH�YDOXH�k� �����FDQ�EH
XVHG� IRXQG� LQ� >�@� IRU� D� V\VWHP� RI� WZR� FRQLF
PDJQHWV� ZLWK� ODUJH� DQLVRWURS\�� ,W� IROORZV
WKHUHIURP� _�s_�|����06���U��� $V� WKH� PDJ�QHWL]DWLRQ�RI�FRQLF�WLSV�PDGH�RI�LURQ�RU�&R±
)H� DOOR\V� H[FHHGV� DW� OHDVW� WZLFH� WKH�06� RI5(�EDVHG�PDJQHWV��WKH�ILHOG�JUDGLHQW�LQ�WKLV
V\VWHP� VKRXOG� EH� YHU\� KLJK�� ,Q� WKH� V\VWHP
RI� HLJKW� SHUPDQHQW�PDJQHWV�� WKH� ILHOG� JUD�
GLHQW�LV�_�s_�|���CC�06���U��>�@��7KLV�YDOXH�LVFRPSDUDEOH� WR� ILHOG� JUDGLHQWV� RI� VXSHUFRQ�
GXFWLQJ� PDJQHWV� ZLWK� FRQLF� WLSV�� 7KXV�� WR
FUHDWH� WKH� ILHOGV� ZLWK� KLJK� JUDGLHQWV�� LW� LV
QHFHVVDU\� WR� XVH� WKH� V\VWHPV� RI� SHUPDQHQW
PDJQHWV� ZLWK� ODUJH� VDWXUDWLRQ� LQGXFWLRQ
DQG�JLDQW�PDJQHWLF�DQLVRWURS\��IRU�H[DPSOH�
DV� IRU�6P&R�� �sz�|�����N2H��� ,Q�WKLV�FDVH�WKH� JUDGLHQW� YDOXH� PD\� UHDFK� �s�|����Ü
����2H�FP�DW�VPDOO�GLVWDQFHV�IURP�WKH�PDJ�
QHW�HGJH�
/HW� XV� FRQVLGHU� WKH� PHFKDQLFDO� VWUHVVHV

FRQQHFWHG� ZLWK� SRQGHURPRWLYH� IRUFHV� LQ

PDJQHWV� ZLWK� JLDQW� DQLVRWURS\�� 7KH� VWUD\
ILHOGV� LQ� WKH� PDJQHW� DUH� NQRZQ� WR� EH� SUR�
GXFHG� E\� PDJQHWLF� �FKDUJHV��� WKXV�� WKH
ILHOGV� DUH� QRW� H[WHUQDO�� 7R� FDOFXODWH� WKH
VWUHVV� FDXVHG� E\� WKH� �&RXORPE�� IRUFHV�� DQ
HOHPHQWDU\�YROXPH�'9�VKRXOG�EH�FKRVHQ�FHQ�
WHUHG� DERXW� D� FHUWDLQ� SRLQW� RI� WKH�PDJQHW�
DQG� WKH� VWUD\� ILHOG� VWUHQJWK� s� VKRXOG� EH
FDOFXODWHG� ZLWKRXW� WDNLQJ� LQWR� FRQVLGHUDWLRQ
WKH�VWUD\� ILHOGV� IURP�WKH��FKDUJHV�� ORFDOL]HG
LQ�WKLV�YROXPH��7KH�VWUD\�ILHOG�IURP�WKH�UHVW
RI�WKH�PDJQHW�ZLOO�EH�H[WHUQDO�ZLWK�UHVSHFW�WR
WKH�FKRVHQ�HOHPHQWDU\�YROXPH��7KH�PDJQHWLF
HQHUJ\� RI� WKH� HOHPHQWDU\� YROXPH� '9� LQ� WKH
ILHOG�s�� SURGXFHG� E\� WKH� H[WHUQDO� QHLJKERU�
KRRG��LV�ps� �Ü�l�s�'9��DQG�WKH�IRUFH�)�DFW�LQJ�RQ�WKH�YROXPH�'9�LV�FDOFXODWHG�DV�HQHUJ\
JUDGLHQW� ps�� L�H�� )�[�]�� ��(+� �Ü��l�s�'9�� $W� l� �FRQVW�� WKLV� H[SUHVVLRQ
PD\�EH�ZULWWHQ�DV�IROORZV���

)�[�]�� ��7+�0�� ��7+�06�'9�� ���
WKHUHIURP�ZH�JHW�WKH�H[SUHVVLRQ�IRU�GHQVLW\
RI�YROXPH��VSHFLILF��IRUFHV�>��@�

I�[�]�� �)�[�]��e�'9�|��7+�06��
�RU�I�|��06���+�

���

ZKHUH���LV�GLIIHUHQWLDO�RSHUDWRU���� ��w�e�w[�L
���w�e�w]�N�

,Q�D�V\VWHP�RI�WZR�PDJQHWV��)LJ���D���WKH
PDJQHWL]DWLRQ� YHFWRU� LV� GLUHFWHG� SDUDOOHO� WR
2=� D[LV� LQ� DOO� WKH� SRLQWV� RI� WKH� PDJQHW�
KHQFH��06� �06N��ZKHUH�N�LV�D�XQLW�YHFWRU�7DNLQJ� WKLV� LQWR� FRQVLGHUDWLRQ�� WKH� H[SUHV�
VLRQ�����WDNHV�WKH�IRUP��
I�[�]��|�0=�w+=�e�w[�L���0=�w+=�e�w]�N� �

 �0=�w+;�e�w]�L���0=�w+=�e�w]�N�
�

����
,I�WKH�H[SUHVVLRQV�IRU�ILHOG�JUDGLHQW�WHQ�

VRU� FRPSRQHQWV� ���� DUH� VXEVWLWXWHG� LQWR
������ WKH� PRGXOH� RI� YROXPH� IRUFH� GHQVLW\
ZLOO�EH�HTXDO�WR�
_I�[�]�_�|�0=>�w+=�e�w]������w+=�e�w]��@����|

�|��06�>�[����]������@�|��06��e�U�
�

����

+HUH�� WKH� VPDOOHVW� YDOXH� U� �U�� LV� GHWHU�PLQHG�IURP�WKH�UHODWLRQ�'9�|��U����/HW�XV�HYDOXDWH�WKH�VWUHVV�V�RFFXUULQJ�LQ
DQ� HOHPHQWDU\� DUHD� '6� �']���'\� SRVLWLRQHG
LQ� WKH�SRLQW�l�²���� DW� WKH�GLVWDQFH�²� IURP
|<�D[LV�LQ�WKH�V\VWHP�RI�WZR�PDJQHWV��)LJ�
�D��� )RU� HVWLPDWLQJ� FDOFXODWLRQV�� ZH� VKDOO
OLPLW� RXUVHOYHV� E\� WKH� RQO\� FRPSRQHQW� It�
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7KH�IRUFH�DFWLQJ�RQ�WKH�PHQWLRQHG�DUHD�HOH�
PHQW�LV�HTXDO�WR��
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7KH�VWUHVV�RFFXUUHG�DUH�GHVFULEHG�DV

V�[��|�³�06�
[

;PLQ

[
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,Q� (TV������ DQG� ������;PLQ� LV� WKH� PLQL�PXP�GLVWDQFH�IURP�WKH�PDJQHW�HGJH��ZKLFK
LV� DVVXPHG� WR� EH� FRPPHQVXUDEOH� ZLWK� LQ�
WHUDWRPLF�GLVWDQFH��L�H��;PLQ�|���Ü��FP�7KH�OLPLWLQJ�VWUHVV�YDOXH�FDQ�EH�GHWHUPLQHG
IURP� WKH� UHODWLRQVKLS� V�|��06�OQ�D�;PLQ��,W� IROORZV� WKHUHIURP� WKDW� WKH� PD[LPXP
VWUHVV� RFFXUV� QHDU� WKH� PDJQHW� D[LV�� DQG� LWV
YDOXH�LV�V���a��Ü��NJ�PP���
� � $V� LW� LV� NQRZQ� >��@�� LQ� D� IHUURPDJQHWLF
ZLWK� LQGXFWLRQ�{��SRVLWLRQHG� LQ�DQ�H[WHUQDO
KRPRJHQHRXV� PDJQHWLF� ILHOG� s�� WKH� VWUHVV
V�a�{s��S� RFFXUV� GXH� WR� SRQGHURPRWLYH
IRUFHV��6LQFH�WKH�H[WHUQDO�ILHOG�VWUHQJWK�FUH�
DWHG�E\�D�SHUPDQHQW�PDJQHW�GRHV�QRW�H[FHHG
s�d�������2H�� WKH� VWUHVV� YDOXH� GRHV�QRW� H[�
FHHG�V�a������NJ�PP��� ,Q� WKH� FDVH� RI� LQKR�
PRJHQHRXV� ILHOG�� DGGLWLRQDO� VWUHVVHV� RFFXU�
7KRVH� VWUHVVHV� DUH� VXEVWDQWLDOO\�KLJKHU� �DS�
SUR[LPDWHO\�� E\� D� IDFWRU� RI� OQ�D�;PLQ���WKDQ� LQ� WKH� PDJQHW� ZLWK� VPDOO� DQLVRWURS\�
ZKHUH�VWURQJ�VWUD\�ILHOGV�GR�QRW�RFFXU��1RWH
WKDW� UHODWLYHO\� ORZ� VWUHVV� OHYHO� LQ� WKH�PDJ�
QHW� �V�d��Ü��NJ�PP��� DW� KLJK� GHQVLW\� RI
YROXPH� IRUFHV� I� QHDU� VLQJXODU� SRLQWV� �VHH
(T�������PD\� EH� H[SODLQHG� E\� UDSLG� DWWHQX�
DWLRQ� RI� WKHVH� IRUFHV� DV� WKH� GLVWDQFH� IURP
WKH�PDJQHW�VLQJXODU�SRLQWV�LQFUHDVHV�
7KXV��WKH�VWXG\�FDUULHG�RXW�IRU�KLJK�JUD�

GLHQW� ILHOGV� JHQHUDWHG� E\� WKH� SHUPDQHQW
PDJQHW� V\VWHPV� ZLWK� JLDQW� DQLVRWURS\� DO�
ORZV� WKH� IROORZLQJ� FRQFOXVLRQV�� 7KH� ILHOG

JUDGLHQW� PRGXOH� LQ� WKH� V\VWHPV� PHQWLRQHG
UHDFKHV� _�s_�|����Ü���� 2H�FP�� ZKLFK� LV
FRPSDUDEOH�WR�WKH�ILHOGV�RFFXUULQJ�LQ�VXSHU�
FRQGXFWLQJ� VROHQRLGV� ZLWK� FRQLF� WLSV� PDGH
RI� VRIW�PDJQHWLF�PDWHULDO�ZLWK� KLJK� LQGXF�
WLRQ��7KH�KLJK�JUDGLHQW�ILHOG�JHQHUDWHG�QHDU
VLQJXODU� SRLQWV� FDXVHV� RFFXUUHQFH� RI� KLJK
YROXPH� GHQVLW\� IRUFHV� LQ� WKH�PDJQHW�PDWH�
ULDO�� )RU� H[DPSOH�� LQ� WKH� V\VWHP� RI� WZR
PDJQHWV� �)LJ���D�� WKH� IRUFHV� DPRXQW
I�|��06��U��7KHVH�UHVXOW�LQ�DGGLWLRQDO�VWUHVVRI�V�a��Ü��NJ�PP��LQ�WKH�PDJQHW�

5HIHUHQFHV
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%�$�$YUDPHQNR�� 3K\VLFV� 0HWDOV� DQG� 0HWD�
ORJUDSK\������������������

� ���9�1�6DPRIDORY�� '�3�%HOR]RURY�� $�*�5DYOLN�
3K\VLFV�0HWDOV� DQG�0HWDORJUDSK\��� ����� ���
�������

� ���3URF��RI���WK�,QWHUQ��:RUNVKRS�RQ�5DUH�(DUWK
3HUPDQHQW�0DJQHWV�	�7KHLU�$SSOLFDWLRQV��-�
,URQ� DQG� 6WHHO� 5HV�� ,QWHUQ�O�� ���� 6XSSO��
��������

� ���p�$�1HVELWW��-�+�:HUQLFN��5DUH�(DUWK�3HUPD�
QHQW� 0DJQHWV�� $FDGHPLF� 3UHVV�� 1HZ� <RUNÜ
/RQGRQ��������

� ���9�1�6DPRIDORY�� ,O�\DVKHQNR�� $�5DPVWDG� HW
DO��� -��2SWRHOHFWURQLFV��$GY��0DWHU��� ��� ���
�������

� ���*�0DUH�� .�'UDQVIHOG�� LQ�� 6WURQJ� DQG�8OWUDV�
WURQJ�0DJQHWLF�)LHOGV�DQG�7KHLU�$SSOLFDWLRQV�
HG�� E\� )�+HUODFK�� 6SULQJHU�9HUODJ�� %HUOLQ�
+HLGHOEHUJ�1HZ�<RUN�7RN\R��������

����'�%HOR]RURY��9�'HUNDFK��*�(UPDN�HW�DO���,QW�
-��,QIUDUHG�0LOOLPHWHU�:DYHV�����������������

����9�1�6DPRIDORY��'�3�%HOR]RURY��k�*�5DYOLN��-�
0DJQ��0DJQ��0DWHU����������������������

����,�(�7DPP��)XQGDPHQWDO�7KHRU\�RI�(OHFWULFLW\�
1DXND��0RVFRZ��������>LQ�5XVVDLQ@�
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