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,Q� UHDO� QXFOHDU� SK\VLFV� H[SHULPHQWV�� WKH
GHWHFWLRQ�RI�LRQL]LQJ�UDGLDWLRQ�DOZD\V�WDNHV
SODFH� LQ� WKH� SUHVHQFH� RI� VRPH� EDFNJURXQG
EHFDXVH�WKH�LRQL]LQJ�VRXUFHV�RI�RQO\�FHUWDLQ
W\SH� RI� UDGLDWLRQ�� SUDFWLFDOO\�� GR� QRW� H[LVW�
+LJK�DFFXUDF\� GHWHFWLRQ� V\VWHPV� WKDW
PDLQO\�XVH�VFLQWLOODWRUV�DUH�YHU\�VHQVLWLYH�WR
GLIIHUHQW�W\SHV�RI�LRQL]LQJ�UDGLDWLRQV��$V�DQ
H[DPSOH��LQ�QHXWURQ�PHDVXUHPHQWV�D�VFLQWLO�
ODWRU�GHWHFWV�ERWK�QHXWURQV�DQG�DFFRPSDQ\�
LQJ�EDFNJURXQG�J�UDGLDWLRQ�EHFDXVH�WKH�QHX�
WURQ�GHWHFWRUV� RQ� WKH�EDVH� RI� VROLG� DQG� OLT�
XLG� VFLQWLOODWRUV� KDYH� D� KLJK� HIILFLHQF\� RI
J�UDGLDWLRQ� SKRWRQ� GHWHFWLRQ�� 7KHUHIRUH�� D
KLJKO\� DFFXUDWH� H[SHULPHQW� LV� LPSRVVLEOH
ZLWKRXW�D�WHFKQLTXH�RI�LGHQWLILFDWLRQ�RI�LRQ�
L]LQJ�UDGLDWLRQV�DLPHG�DW�VHOHFWLYH�GHWHFWLRQ
RI�GLIIHUHQW�W\SHV�RI�UDGLDWLRQV�

7KH�SUREOHP�RI�VHOHFWLYH�GHWHFWLRQ�RI�LRQ�
L]LQJ� UDGLDWLRQ�� HVSHFLDOO\� WKH� SUREOHP� RI
VHSDUDWLRQ� RI� WKH� QHXWURQ� VSHFWUXP� DQG

JDPPD�EDFNJURXQG�LV�YHU\�LPSRUWDQW�LQ�QX�
FOHDU� H[SHULPHQWV�� 7KH� PRVW� HIIHFWLYH
PHWKRG� IRU� GHWHFWLRQ� RI� IDVW� QHXWURQV� LV
EDVHG� RQ� SURGXFWLRQ� LQ� PDWHULDO� WKH� UHFRLO
SURWRQV�� 7KHUHIRUH�� WKH� RUJDQLF� GHWHFWRUV
ZLWK�KLJK�FRQWDLQPHQW�RI�K\GURJHQ�DUH� WKH
PRVW�XVHIXO� IRU� IDVW�QHXWURQV� VSHFWURVFRS\�
$� VHOHFWLYH� DELOLW\� RI� WKH� VFLQWLOODWRU� XVHG
IRU�GHWHFWLRQ�RI�LRQL]LQJ�UDGLDWLRQV�LV�RQH�RI
LWV� PDMRU� FKDUDFWHULVWLFV�� 8QGHU� FRQGLWLRQV
RI�PDVV� SURGXFWLRQ� RI� VFLQWLOODWLRQ� FU\VWDOV
DQG�GHWHFWRUV�RQ� WKHLU�EDVH�� WKH�PHWKRG�DO�
ORZLQJ�GXULQJ�WKH�VKRUW�WLPH�WR�GHWHUPLQH�D
VHOHFWLYH�DELOLW\�RI�VFLQWLOODWLRQ�PDWHULDOV� LV
UHTXLUHG��7KLV�ZRUN�LV�GHYRWHG�WR�GLVFXVVLRQ
RI�WKH�PHWKRGLFDO�DVSHFWV�RI�FHUWLILFDWLRQ�RI
RUJDQLF� VFLQWLOODWLRQ� GHWHFWRUV� IRU� DSSOLFD�
WLRQV� LQ� PHDVXUHPHQWV� ZLWK� VFLQWLOODWLRQ
SXOVH�VKDSH� GLVFULPLQDWLRQ� RI� UDGLDWLRQV� RI
GLIIHUHQW�W\SHV��
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,RQL]LQJ� UDGLDWLRQV� JHQHUDWH� LQ� DQ� RU�
JDQLF� VFLQWLOODWRU� WZR� W\SHV� RI� D� OXPLQHV�
FHQFH� UHIHUUHG� WR� WKH� SURPSW� UDGLROXPLQHV�
FHQFH�DQG�WKH�GHOD\HG�UDGLROXPLQHVFHQFH��$
IRUPDWLRQ�RI� WKH� IDVW� FRPSRQHQW� RI� WKH�UD�
GLROXPLQHVFHQFH� SXOVH� HVVHQWLDOO\� WDNHV
SODFH�RXWVLGH�WKH�UHJLRQV�RI�SDUWLFOH�WUDFNV�
,W� KDV� DQ� H[SRQHQWLDO� GHFD\�ZLWK� WLPH� FRQ�
VWDQW� DERXW� ��Ü�Ü��Ü�� V�� 7KH� SURFHVV� RI
VFLQWLOODWLRQ�SXOVH�IDVW�FRPSRQHQW�IRUPDWLRQ
SURFHHGV�ZLWKLQ��WKH�RSWLFDO�DSSUR[LPDWLRQ�
DQG� SUDFWLFDOO\� GRHV�QRW� GHSHQG� RQ� VSHFLILF
HQHUJ\�ORVVHV�G(�G[�RI�D�SDUWLFOH��7KH�VORZ
FRPSRQHQW� RI� WKH� VFLQWLOODWLRQ� SXOVH� DULVHV
GXH�WR�RI�WULSOHW�WULSOHW�DQQLKLODWLRQ�SURFHVV
WKDW� UHVXOWV� LQ� WKH� GHOD\HG� UDGLROXPLQHV�
FHQFH�RI�D�VFLQWLOODWRU��7KHVH�SURFHVVHV�WDNH
SODFH�RQO\�LQ�WKH�UHJLRQV�RI�KLJK�DFWLYDWLRQ
GHQVLW\��H�J��D�WUDFN�RI�D�SDUWLFOH��ZKHUH�WKH
FRQFHQWUDWLRQ� RI� LRQL]HG� DQG� H[LWHG� PROH�
FXOHV�LV�KLJK�DQG�WKHUHIRUH�WKH�LQIOXHQFH�RI
G(�G[� RQ� WKH� VORZ� FRPSRQHQW� RI� VFLQWLOOD�
WLRQ� SXOVH� IRUPDWLRQ� LV� RI� SULPDU\� LPSRU�
WDQFH��'XH�WR�DQQLKLODWLRQ�QDWXUH�RI�VXFK�D
SURFHVV��K\SHUEROLFDO� IXQFWLRQV�GHVFULEH� WKH
VKDSH� RI� VORZ� FRPSRQHQW� DQG� LW� LQWHQVLW\
GHSHQGV�RQ�G(�G[��,W�LV�WKH�SK\VLFDO�EDVH�RI
WKH� WHFKQLTXH� RI� SDUWLFOH� LGHQWLILFDWLRQ� E\
WKH�UDGLROXPLQHVFHQFH�SXOVH�VKDSH�>�Ü�@�

7KHUH� DUH� WZR�ZD\V� WR� VWXG\� WKH� DELOLW\
RI� RUJDQLF� VFLQWLOODWRUV� WR� GLVFULPLQDWH� WKH
LRQL]LQJ� UDGLDWLRQ� ZLWK� GLIIHUHQW� G(�G[�
)LUVWO\��LW�LV�WKH�GLUHFW�DQDO\VLV�RI�WKH�UDGLR�
OXPLQHVFHQFH�SXOVH�VKDSH�RI�RUJDQLF�VFLQWLOOD�
WRUV��DQG�VHFRQGO\��LW� LV�WKH�PHWKRG�RI�VHOHF�
WLYH�GHWHFWLRQ�RI�HYHQWV�LQ�UHDO�WLPH�>�Ü�@�

7KH�VLQJOH�SKRWRQ�WHFKQLTXH��SURSRVHG�E\
/�0�%ROOLQJHU� DQG� *�(�7KRPDV�� DOORZV� RE�
WDLQLQJ� WKH� SUHFLVH� VKDSH� RI� VFLQWLOODWLRQ
SXOVH�DQG�WKHUHIRUH�WR�FRPSDUH�SXOVH�VKDSH
SDUDPHWHUV� REWDLQHG� LQ� WKH� PHDVXUHPHQWV
ZLWK� UDGLDWLRQV� ZLWK� GLIIHUHQW� G(�G[�� $F�
FRUGLQJ�WR�WKLV�WHFKQLTXH��ZLWKLQ�VRPH�WLPH
LQWHUYDO�WKH�SUREDELOLW\�RI�D�SKRWRQ�DSSHDU�
DQFH�LQ�D�VFLQWLOODWLRQ�SXOVH�DIWHU�H[FLWDWLRQ
LV�PHDVXUHG��7KLV� WHFKQLTXH�SRVVHVVHV�D� VH�
ULHV� RI� XQDPELJXRXV� DGYDQWDJHV�� $PRQJ
WKHP�DQ�RSWLPDO�WKH�VLJQDO�WR�QRLVH�UDWLR��D
SRVVLELOLW\� WR� FDUU\� RXW� WKH� PHDVXUHPHQWV
ERWK� WKH� IDVW� FRPSRQHQW� RI� D� VFLQWLOODWLRQ
SXOVH�� DQG� WKH� VORZ� RQH�� HWF�� )LJXUH��� SUH�
VHQWV� WKH� EORFN� GLDJUDP� RI� WKH� VHW�XS� IRU
VWXG\LQJ� WKH� WLPH� SDUDPHWHUV� RI� WKH� UDGLR�
OXPLQHVFHQFH� SXOVH� E\� WKH� VLQJOH�SKRWRQ
WHFKQLTXH�>�������@�

/HW�XV�GHVFULEH� WKH� VHOHFWLYH�DELOLW\�RI�D
VFLQWLOODWRU� PHDVXUHG� E\� WKH� VLQJOH�SKRWRQ
WHFKQLTXH�LQ�DV�IROORZLQJ�>����@�
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ZKHUH�VQ� DQG�VJ� DUH� WKH�UDWLRV�EHWZHHQ� WKHQXPEHU� RI� HYHQWV� LQ� VORZ� DQG� IDVW� FRPSR�
QHQW� RI� D� UDGLROXPLQHVFHQFH� SXOVH� IRU� QHX�
WURQ� DQG� J�H[FLWDWLRQ�� UHVSHFWLYHO\�� 7KH
DQDO\VLV� RI� D� VFLQWLOODWLRQ� SXOVH� VKDSH�� RE�
WDLQHG� E\� WKH� VLQJOH�SKRWRQ� WHFKQLTXH�� SUR�
YLGHV� WKH�GHWHUPLQDWLRQ�RI� WKH�FRQWULEXWLRQ
RI� WKH�UDGLROXPLQHVFHQFH�SXOVH� VORZ�FRPSR�
QHQW� ZLWK� KLJK� GHJUHH� RI� DFFXUDF\�� +RZ�
HYHU��WKH�DFFXPXODWLRQ�RI�WKH�QHFHVVDU\�VWD�
WLVWLFV� LQ� VLQJOH�SKRWRQ� PHDVXUHPHQWV� RI� D
VFLQWLOODWLRQ� SXOVH� VKDSH�� DQG� HVSHFLDOO\� LWV
VORZ�FRPSRQHQW�PD\�EH�D�ORQJ�SURFHGXUH��,W
PD\� FRQWLQXH� IURP� D� IHZ� KRXUV� WR� D� IHZ
GD\V��,W�LV�WKH�UHDVRQ�ZK\�WKH�VLQJOH�SKRWRQ
WHFKQLTXH�LV�QRW�TXLWH�DFFHSWDEOH�IRU�D�FHUWL�
ILFDWLRQ� RI� VFLQWLOODWRUV�� %HVLGHV� WKDW�� LW
GRHV� QRW� DOORZ� WR� REWDLQ� WKH� LQIRUPDWLRQ
FRQFHUQLQJ�WKH�HQHUJ\�VSHFWUXP�RI�VFLQWLOOD�
WLRQV�>�@��

$QRWKHU� ZD\� IRU� VWXG\LQJ� WKH� VHOHFWLYH
DELOLW\�RI�VFLQWLOODWRUV�LV�DQ�LGHQWLILFDWLRQ�RI
SDUWLFOHV�E\�WKHLU�SXOVH�VKDSH��:H�XVHG�WKH
PHWKRG� RI� VHOHFWLYH� GHWHFWLRQ� RI� SDUWLFOHV
EDVHG� RQ� DQ� LPPHGLDWH� FRPSDULVRQ� RI

)LJ����� %ORFN� GLDJUDPV� RI� WKH� VHW�XS� IRU
PHDVXULQJ� RI� WLPH� SDUDPHWHUV� RI� UDGLROXPL�
QHVFHQFH� SXOVH� E\� VLQJOH�SKRWRQ� WHFKQLTXH�
%ORFNV� RI� RSWLFDO� SDUW� RI� WKH� VHW�XS� DUH� IRO�
ORZLQJ��6�LV�D�VDPSOH��307���DQG�307���DUH
SKRWRPXOWLSOLHUV��6,5� LV�D�VRXUFH�RI� LRQL]LQJ
UDGLDWLRQ��'� LV� D� GLDSKUDJP�� )� LV� DQ� RSWLFDO
ILOWHU�� 7KH� XQLWV� RI� HOHFWURQLFV� SDUW� RI� WKH
VHW�XS� DUH� WKH� IROORZLQJ�� 6$$� LV� D� VLQJOH�
FKDQQHO�DPSOLWXGH�DQDO\]HU��&)'�Û�FRQVWDQW
IUDFWLRQ� GLVFULPLQDWRU�� '/� LV� D� GHOD\� OLQH�
7�$�LV�D�WLPH�WR�DPSOLWXGH�FRQYHUWHU��0$$�LV
PXOWLFKDQQHO�DPSOLWXGH�DQDO\]HU��&6� LV�D�FR�
LQFLGHQFH� FLUFXLW�� D� LV� WKH� DQRGH� RXWSXW� RI
SKRWRPXOWLSOLHU�WXEHV����G�LV�WKH�RXWSXW�IURP
WKH���WK�G\QRGH�RI�307���

1�=�*DOXQRY�HW�DO����0HWKRGLFDO�DVSHFWV�DQG�PHDVXULQJ����
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FKDUJHV� LQ� VORZ� DQG� IDVW� FRPSRQHQW� RI� WKH
VFLQWLOODWLRQ�SXOVH� WDNHQ�ZLWK�GLIIHUHQW� VWD�
WLVWLFDO� ZHLJKWV� >�@�� )LJXUH� �� GHPRQVWUDWHV
WKH� VHW�XS� WKDW� UHDOL]HV� WKLV� PHWKRG�� 7KH
VLJQDO�IURP�DQRGH�RXWSXW�RI�WKH�SKRWRPXOWL�
SOLHU�LV�WUDQVPLWWHG�WR�WKH�HOHFWURQLF�VFKHPH
WKDW� VHSDUDWHV� D� FKDUJH� LQ� WLPH� LQWHUYDOV
IURP� �� WR� ��� QV� DIWHU� DQ� H[FLWDWLRQ� DQG
IURP� ��� WR� �� PV�� L�H�� WKH� WLPH� RI� IDVW� DQG
WKH� VORZ� VLJQDOV�� UHVSHFWLYHO\�� (OHFWURQLFV
LQWHJUDWHV�WKH�FKDUJH�DFFXPXODWHG�LQ�WKH�LQ�
WHUYDO� IURP� �� WR� ��� QV� DQG� REWDLQV� WKH� -IYDOXH��DV�ZHOO�DV�LQWHJUDWHV�WKH�FKDUJH�DFFX�
PXODWHG� LQ� WKH� LQWHUYDO� IURP����QV�WR���PV
DQG� LQYHUWV� WR� REWDLQ�-V� YDOXH��7KH� VLJQDOVSURSRUWLRQHG� WR� -I� DQG� -V� DUH� VXPPHG� LQVXFK�D�ZD\� WKDW�D�GHWHFWLRQ�RI� VFLQWLOODWLRQ
SXOVHV�LQLWLDWHG�E\�QHXWURQV�UHVXOWV�LQ�D�IRU�
PDWLRQ�RI�WKH�SRVLWLYH�SXOVH�RQ�WKH�VXPPHU
RXWSXW�� ZKHUHDV� D� GHWHFWLRQ� RI� SKRWRQV� RI
JDPPD� UDGLDWLRQ� UHVXOWV� LQ� D� IRUPDWLRQ� RI
WKH� QHJDWLYH� SXOVH�� 7KH� GLJLWDO� VLJQDO� DS�
SHDUV� RQ� VHSDUDWH� �QHXWURQ�� RU� �JDPPD�
RXWSXW�DFFRUGLQJ�WR�SRODULW\�RI�WKH�SUHYLRXV
VLJQDO�� 7KH� FKDUJH� VHQVLWLYH� DPSOLILHU� DQG
WKHQ� WKH� SXOVH� IRUPHU� DPSOLILHU� IRUP� WKH
VLJQDO�IURP�WKH�QH[W�WR�WKH�ODVW�G\QRGH�RI�D
SKRWRPXOWLSOLHU�IRU�DPSOLWXGH�DQDO\VLV��7KLV
LQVWUXPHQW� PD\� ZRUNV� LQ� PHDVXUHPHQWV
ZLWK�VHSDUDWLRQ�RI�FRPELQHG�VSHFWUD�RI�D��DQG
E�VFLQWLOODWLRQV�� D�� DQG� J�VFLQWLOODWLRQV�� HWF�
XVLQJ� WKH� VDPH� SULQFLSOH� RI� GLVFULPLQDWLRQ
DQDO\VLV��

$FFRUGLQJ� WR� >�@�� D� TXDOLW\� RI� WKH� GLV�
FULPLQDWLRQ� SURFHGXUH� EDVHG� RQ� WKH� DERYH�
PHQWLRQHG�WHFKQLTXH�GHSHQGV�RQ�WLPH�LQWHU�
YDO� WI� RI� �FRPSOHWH��GHFD\�RI� WKH� IDVW� FRP�SRQHQW� RI� WKH� UDGLROXPLQHVFHQFH� SXOVH�
6LQJOH�SKRWRQ�PHDVXUHPHQWV�RI�WKH�UDGLROX�
PLQHVFHQFH�SXOVH�VKDSH�JLYH�WKH�WI�YDOXH�>�@�7R� GHVFULEH� WKH� VHOHFWLYH� DELOLW\� RI� VFLQ�
WLOODWRUV� PHDVXUHG� E\� WKH� GLVFULPLQDWLRQ
SURFHGXUH�LQWURGXFH�WKH�FRHIILFLHQW�

.Q� �TQ�e�TJ� ���
ZKHUH�TQ�J�� LV� WKH�QXPEHU�RI�SXOVHV�IRUPHGRQ� QHXWURQ� �JDPPD�� FRQWURO� RXWSXW� RI� WKH
VHW�XS� �H[FOXGLQJ� QRLVH� DQG� IDOVH� RSHUDWLRQ
SXOVHV��QRUPDOL]HG�E\� WKH�QHXWURQ� �JDPPD�
IOX[�IRU�FHUWDLQ�UDGLDWLYH�VRXUFH�>�@�

7KH� GLJLWDO� IUHTXHQF\� PHWHU� RI� &K����
W\SH�PHDVXUHV�WKH�QXPEHU�RI�SXOVHV�IRUPHG
RQ� QHXWURQ� �JDPPD�� FRQWURO� RXWSXW� RI� WKH
VHW�XS�� 7KH� VSHFWURPHWULF� VLJQDO� JRHV� WR
DQDORJXH�WR�GLJLWDO� FRQYHUWHU� �$'&��� DQG
ORDGV�LQ�D�PHPRU\�ILOH�LI�WKH�FRQWURO�VLJQDO
�QHXWURQ�RU�JDPPD��DOORZV�ZULWLQJ�

/HW� XV� LQWURGXFH�� DFFRUGLQJ� WR� >�@� SD�
UDPHWHU�[L�M�ZKLFK�FKDUDFWHUL]HV� LQWHJUDO�HI�IHFW�RI�D�TXHQFKLQJ�DV�D�IXQFWLRQ�RI�G(�G[
RI� LRQL]LQJ� UDGLDWLRQ�� L�H�� WKH� WRWDO� HQHUJ\
ORVVHV� IRU� ERWK� WKH� IDVW� FRPSRQHQW� DQG� IRU
WKH� VORZ� FRPSRQHQW� RI� WKH� UDGLROXPLQHV�
FHQFH�SXOVH�
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ZKHUH�1L� DQG�1M� DUH� WKH�QXPEHU�RI� VFLQWLO�ODWLRQ�SKRWRQV�IRU�L��DQG�M�W\SHV�RI�WKH�H[FL�
WDWLRQ� ZLWK� HQHUJ\�(L� DQG�(M�� UHVSHFWLYHO\�L�H�� WKH� UHODWLRQ� EHWZHHQ� WKH� OLJKW� VLJQDOV
LQWHQVLWLHV� QRUPDOL]HG� WR� WKH� FRUUHVSRQGHQW
HQHUJ\�RI�WKH�H[FLWDWLRQ��7KH�FDOFXODWLRQ�RI
WKH�SDUDPHWHUV�[Q�J�DQG�[D�J�SURYLGHV�WKH�LQ�IRUPDWLRQ� DERXW� WKH� SURFHVVHV� RI� VFLQWLOOD�
WLRQ�SXOVH�IRUPDWLRQ�XQGHU�LUUDGLDWLRQV�ZLWK
GLIIHUHQW�G(�G[�

:H�KDYH�XVHG�WKH�UDGLRQXFOLGH�VRXUFHV�RI
���&I� DQG� ���3X±%H� LQ� RXU� PHDVXUHPHQWV�
7KH\� DUH� WKH� VRXUFHV� ERWK� RI� SKRWRQV� RI
J�UDGLDWLRQ�DQG�RI�IDVW�QHXWURQV��7KHUHIRUH�
WKH� UHODWLRQ� EHWZHHQ� WKH� J�UDGLDWLRQ� SKRWRQ
IOX[� DQG� WKH� QHXWURQ� IOX[� LV� HTXDO� WR� WKH
UHODWLRQ� EHWZHHQ� WKH� FRUUHVSRQGLQJ� DFWLYL�
WLHV� RI� J�UDGLDWLRQ� DQG� QHXWURQ� RI� WKHVH
VRXUFHV�� 7KH� UDWLR� EHWZHHQ� WKH� QXPEHU� RI
J�UDGLDWLRQ� SKRWRQV� DQG� WKH� QXPEHU� RI� IDVW
QHXWURQV� LV� HTXDO� WR� ����� IRU� WKH� DFW� RI
VSRQWDQHRXV� ILVVLRQ� ���&I� UDGLRQXFOLGH

)LJ����� %ORFN�GLDJUDP� RI� VHW�XS� IRU� VHOHFWLYH
GHWHFWLRQ�WKH�LRQL]LQJ�UDGLDWLRQV�ZLWK�GLIIHUHQW
G(�G[�� 6,5� LV� D� VRXUFH� RI� LRQL]LQJ� UDGLDWLRQ�
��LV�D�VFLQWLOODWRU���� LV�D�SKRWRPXOWLSOLHU����Û
WKH�GLVFULPLQDWLRQ�FLUFXLW�WKDW�VHSDUDWHV��IDVW�
DQG��VORZ��VLJQDOV���� LV�DQ�LQWHJUDWRU����LV�DQ
LQYHUWHU�� ��� �� DUH� DPSOLILHUV� ZLWK� DGMXVWHG
JDLQ�� �� LV� D� VXPPHU�� �� LV� D� FKDUJH� VHQVLWLYH
DPSOLILHU�����LV�D�SXOVH�IRUPHU�DPSOLILHU��È�LV�D
SKRWRPXOWLSOLHU� DQRGH� RXWSXW��G� LV� WKH� RXWSXW
RI�WKH�QH[W�WR�WKH�ODVW�G\QRGH�RI�D�SKRWRPXOWL�
SOLHU��Q�RXWSXW�LV�WKH�QHXWURQ�VSHFWUXP�FRQWURO
RXWSXW�� J�RXWSXW� LV� J� VSHFWUXP�FRQWURO�RXWSXW�
VSHFWUDO�RXWSXW�LV�WKH�VSHFWURPHWULF�RXWSXW�
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VRXUFH��)RU�WKH�3X±%H�VRXUFH�WKH�SURSRUWLRQ
EHWZHHQ� WKH� QXPEHU� RI� J�UDGLDWLRQ� SKRWRQV
DQG�WKH�QXPEHU�RI�IDVW�QHXWURQV�LV�HTXDO�WR
��>����@��7KHVH�FKDUDFWHULVWLFV�RI�WKH�VRXUFHV
KDYH� EHHQ� FRQVLGHUHG� LQ� FDOFXODWLRQV� E\
(T�����

7KH� UHVXOWV� RI� WKH� PHDVXUHPHQWV� ZLWK
WKH� UDGLRQXFOLGH� VRXUFH� RI� ���$P� DOORZ� WR
FDOFXODWH� WKH�[D�J�YDOXH� ����� ,W� LV� WKH� VRXUFHRI� DOSKD� �(D� ����� 0H9�� DQG� JDPPD�(J� ������ NH9�� UDGLDWLRQV�� 7R� VHSDUDWH� D�
DQG� J�VFLQWLOODWLRQV� WKH� IROORZLQJ� PHDVXUH�

PHQWV�ZHUH�UXQ��)LUVWO\��ZH�KDYH�PHDVXUHG
WKH� VFLQWLOODWLRQ� VSHFWUXP� ZKHQ� WKH� VRXUFH
RI� ���$P� SODFHG� GLUHFWO\� RQ� WKH� VDPSOH�
7KHQ�� ZH� UXQ� WKH� VDPH� PHDVXUHPHQWV� EXW
ZLWK� D� VKHHW� RI� SDSHU� EHWZHHQ� WKH� VDPSOH
DQG�WKH�VRXUFH��7KH�KLJK�HQHUJ\�SHDN�GLVDS�
SHDUHG��$W�ODVW��ZH�KDYH�LUUDGLDWHG�WKH�VDP�
SOH�E\�WKH�VRXUFH�RI�J�UDGLDWLRQ�RQ�WKH�EDVH
RI� ���$P� �LW� KDG� WKH� VSHFLDO� ILOP� WKDW� DE�
VRUEV�D�UDGLDWLRQ���,Q�WKLV�FDVH��ZH�REVHUYHG
WKH� SHDN� LQ� WKH� UHJLRQ� RI� DPSOLWXGH� VSHF�
WUXP� WKDW� FRUUHVSRQGHG� WR� WKH� SUHYLRXV
PHDVXUHPHQW�ZLWK� D� VKHHW� RI� SDSHU�� ,W� KDV
DOORZHG� XV� WR� LGHQWLI\� WKH� KLJK�HQHUJ\
SHDN�DV�D�VFLQWLOODWLRQV��DQG�WKH�ORZ�HQHUJ\
SHDN�DV�J�VFLQWLOODWLRQV�

:H�FDOFXODWHG�WKH�YDOXHV�RI�F�����DQG�.Q����IRU�VWLOEHQH�VLQJOH�FU\VWDO�DQG�IRU�OLTXLG
VFLQWLOODWRU� RQ� WKH� EDVH� RI� WKH� PL[WXUH� RI
YDVHOLQH� DQG� D�PHWK\OQDSKWKDOHQH�� 7DEOH��
JLYHV� WKH� UHVXOWV� RI� WKHVH� FDOFXODWLRQV� DQG
LOOXVWUDWHV� WKH� FRUUHODWLRQ� EHWZHHQ� WKH� YDO�
XHV� F� DQG�.Q�� ,W� VKRZV� WKDW� WKH� GLVFXVVHGWHFKQLTXH�LV�TXLWH�FRUUHFW�IRU�VHOHFWLYH�VSHF�
WUDO�PHDVXUHPHQWV� RI� DQ� LRQL]LQJ� UDGLDWLRQ
LQ�WKH�SUHVHQFH�RI�EDFNJURXQG��

:H�VWXGLHG�WKH�DELOLW\�RI�RUJDQLF�VFLQWLO�
ODWRUV� WR� VHOHFWLYH� GHWHFWLRQ� RI� LRQL]LQJ� UD�
GLDWLRQV��7DEOH���SUHVHQWV� WKH� YDOXHV� RI� FR�
HIILFLHQW�.1� IRU�VWLOEHQH�DQG�S�WHUSHQ\O�RU�JDQLF� VFLQWLOODWRUV� DQG� GHWHFWRUV� RQ� WKHLU
EDVH�� 6FLQWLOODWRUV�ZHUH� RI� GLIIHUHQW� GLDPH�
WHUV� �IURP� ��� WR� ��� PP�� DQG� WKLFNQHVV
�IURP� �� WR� ��� PP��� 7DEOH��� VKRZV� WKH� UH�
VXOWV� RI� D� VWXG\LQJ� RI� WKH� VHOHFWLYH� DELOLW\
IRU� WKH� VHULHV� RI� OLTXLG� VFLQWLOODWRUV�� 7KHVH

7DEOH����&RPSDUDWLYH�YDOXHV�RI� FRHIILFLHQWV�F� ����DQG�.Q� ����IRU�RUJDQLF�VFLQWLOODWRUV� LUUDGLDWHGE\����3X±%H�VRXUFH�

6FLQWLOODWRU F��� .Q���
� /LTXLG�VFLQWLOODWRU�RQ�WKH�EDVH�RI�

D�YDVHOLQH�D�PHWK\OQDSKWKDOHQH�PL[WXUH
���� �����

� 6WLOEHQH�VLQJOH�FU\VWDO ���� ����

7DEOH���� 5HVXOWV� RI� WKH� PHDVXUHPHQWV� RI
SDUDPHWHU�.Q� ���� IRU� RUJDQLF� VLQJOH� FU\V�WDOV

6FLQWLOODWRU 'LPHQ�
VLRQV�
PP

.Q���
���&I ���3X±%H

� 6WLOEHQH
VLQJOH�FU\VWDO ��u�� ���� ����

� ���� ��u�� ���� ����
� ���� ��u�� ���� ����
� ���� ��u�� ���� ����
� ���� ��u�� ���� ����
� ���� ��u�� ���� ����
� ���� ��u�� ���� ����
� ���� ��u�� ���� ����
� ���� ��u�� ���� ����
�� ���� ��u�� ���� ����
�� ���� ��u�� ��� ����
�� ���� ��u�� ���� ����
�� ���� ��u�� ���� ����
�� ���� ��u�� ���� ����
�� ���� ��u�� ���� ����
�� S�7HUSKHQ\O

VLQJOH�FU\VWDO ��u�� ���� ����

�� ���� ��u�� ���� ����
�� ���� ��u�� ���� ����
�� S�7HUSKHQ\O

SRO\FU\VWDO ��u� ��� ���

7DEOH����5HVXOWV�RI�WKH�PHDVXUHPHQWV�RI�SD�
UDPHWHU�.Q�����IRU�D�VHULHV�RI�RUJDQLF�OLTXLGVFLQWLOODWRUV�LUUDGLDWHG�E\����3X±%H�VRXUFH

6FLQWLOODWRU�EDVH .Q���
� 'LLVRSURS\OQDSKWKDOHQH ���
� %HQ]\O�EHQ]RDWH�QDSKWKDOHQH

PL[WXUH
����

� 9DVHOLQH�D�PHWK\OQDSKWKDOHQH
PL[WXUH

����
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OLTXLG� VFLQWLOODWRUV� ILOOHG� WKH� ��u���PP�
JODVV�FHOOV��7KH\�ZHUH�EXEEOHG�E\�DUJRQ�GXU�
LQJ� ��� PLQXWHV�� $IWHU� WKDW�� WKH� FHOOV� ZHUH
VHDOHG�� 7KH� VLGH� VXUIDFH� RI� FHOOV� KDG� OLJKW�
UHIOHFWLYH�HQDPHO�9/�����

:H� PHDVXUHG� WKH� DPSOLWXGH� VSHFWUD� RI
��u���PP�� VWLOEHQH� GHWHFWRU�� DQG� XVHG� WKH
GDWD�REWDLQHG�WR�FDOFXODWH�WKH�SDUDPHWHU�[Q�J�$����3X±%H�IDVW�QHXWURQ�VRXUFH�JDYH�JDPPD
UDGLDWLRQ�DV�ZHOO��5DGLRQXFOLGHV�RI���&R�DQG
���7K� JDYH� VHW� RI� JDPPD� OLQHV� LQ� UHIHUHQW
H[SHULPHQWV��)LJ����VKRZV�WKHVH�VSHFWUD�RE�
WDLQHG� RQ� WKH� VHW� XS� �VHH� )LJ������ &XUYH� �
SUHVHQWV�WKH�WRWDO�QHXWURQ�DQG�JDPPD�VSHF�
WUXP� RI� ���3X±%H� �GLVFULPLQDWLRQ� LV� QRW
XVHG��� &XUYH� �� SUHVHQWV� WKH� QHXWURQ� VSHF�
WUXP� RI� ���3X±%H� �FRQWURO� IURP� QHXWURQ
RXWSXW���&XUYHV���DQG���VKRZ�WKH�DPSOLWXGH
JDPPD�VSHFWUD� RI� WKH� VRXUFHV� ��&R� DQG
���7K�PHDVXUHG�ZLWKRXW�WKH�QHXWURQ�FRQWURO
VLJQDO�� DQG� FXUYHV��� DQG��� VKRZ�DPSOLWXGH
JDPPD�VSHFWUD� RI� WKH� VRXUFHV� ��&R� DQG
���7K� ZLWK� WKH� QHXWURQ� FRQWURO� VLJQDO�� UH�
VSHFWLYHO\�� $� QHJOLJLEOH� QXPEHU� RI� SXOVHV
IRU� FXUYHV� �� DQG� �� FRQILUP� WKDW� GLVFXVVHG
GLVFULPLQDWLRQ� SURFHGXUH� LV� HQRXJK� HIIHF�
WLYH��8VLQJ�WKH�QXPEHU�RI�FKDQQHO�LQ�ZKLFK
JHQHUDWHG� E\� WKH� QHXWURQ� RI� HQHUJ\�(Q� WKHUHFRLO� SURWRQV� IRUP� WKH��VWHS�� >�������@��ZH
FDOLEUDWHG� WKH� PHDVXUHG� VSHFWUXP� LQ� WKH
VFDOH� RI� QHXWURQ� HQHUJLHV�� )LJ���� GHPRQ�
VWUDWHV� WKH� UHODWLRQ� EHWZHHQ� WKH� QXPEHU� RI
VXFK�D�FKDQQHO�RI�WKH�PXOWLFKDQQHO�DQDO\]HU
DQG� WKH� QHXWURQ� HQHUJ\� IRU� PHDVXUHG� VWLO�

EHQH� VLQJOH� FU\VWDO� LUUDGLDWHG� E\� ���3X±%H
VRXUFH� >�������@�� 7R� REWDLQHG� WKH� QHXWURQ
DQG�JDPPD�HQHUJLHV�WKRVH�FRUUHVSRQG�WR�WKH
VDPH� DPSOLWXGH� LQ� VFLQWLOODWLRQ� VSHFWUD� ZH
VHOHFWHG� WKH� FKDQQHO� QXPEHU� RI� &RPSWRQ
HGJH� LQ� WKH� DPSOLWXGH� VSHFWUD� REWDLQHG� IRU
��&R� DQG� ���7K� VRXUFHV� RI�JDPPD�UDGLDWLRQ
�VHH�)LJ������DQG�WKH�QHXWURQ�HQHUJ\��ZKLFK
DFFRUGLQJ� WR� FDOLEUDWLRQ� FXUYH� IRU� QHXWURQ
HQHUJLHV� �VHH� )LJ������ FRUUHVSRQGV� WR� WKH
VDPH�FKDQQHO��$IWHU�WKDW��ZH�FDOFXODWHG�SD�
UDPHWHU� [Q�J� LQ� DFFRUG� ZLWK� (TXDWLRQ� ����&RPSWRQ� HGJH� HQHUJLHV� (FRPS� IRU� VRXUFHVZLWK�HQHUJLHV�(J�REWDLQHG�DFFRUGLQJ�WR�ZHOO�NQRZQ� UHODWLRQV� �VHH� >�@��� 7DEOH��� VKRZV
WKHVH�UHVXOWV�

7KH� FDOFXODWHG� YDOXH� RI� [D�J� IRU� VWLOEHQHVLQJOH� FU\VWDO� LUUDGLDWHG� E\� ���$P� LV� HTXDO
WR� ������ 7KH� [Q�J� YDOXHV� �VHH� 7DEOH���� DUHDERXW����Ü�����6R�� WKH�YDOXHV� REWDLQHG�� L�H�
[Q�J� DQG� [D�J�� GLIIHU� E\� DQ� RUGHU� RI� PDJQL�WXGH�� 7KLV� UHVXOW� VKRZV� WKH� GLIIHUHQFH� LQ
LQIOXHQFH�RI�SDUWLFOH�HQHUJ\�(�DQG�G(�G[�RQ
WKH�TXHQFKLQJ�SURFHVVHV�LQ�LW�WUDFN�>�Ü�@��

)LJ����� 7KH�QXPEHU� RI� D� FKDQQHO� RI� WKH� DQD�
O\]HU�YHUVXV�WKH�QHXWURQ�HQHUJ\�IRU�PHDVXUHG
DPSOLWXGH� VSHFWUXP� RI� ��u��� PP� VWLOEHQH
VLQJOH� FU\VWDO� LUUDGLDWHG� E\� ���3X±%H�� 7KH
VROLG� FLUFOHV� DUH� H[SHULPHQWDO� GDWD�� WKH� VROLG
OLQH� LV� D� OLQHDU� DSSUR[LPDWLRQ� <� �$���%�;�
ZKHUH�$� �����0H9��%� �������0H9�FKDQQHO�

)LJ�����$PSOLWXGH� VSHFWUD� RI� ��u���PP�VWLO�
EHQH� GHWHFWRU� LUUDGLDWHG� E\� WKH� VRXUFHV� RI
LRQL]LQJ�UDGLDWLRQ�����3X±%H��FXUYHV���DQG����
���7K��FXUYHV���DQG����DQG���&R��FXUYHV���DQG����
&XUYHV������DQG���KDYH�EHHQ�PHDVXUHG�ZLWK�
RXW� WKH� QHXWURQ� FRQWURO� VLJQDO�� FXUYHV� ��� �
DQG���ZLWK�WKH�QHXWURQ�FRQWURO�VLJQDO� 7DEOH���� 5HVXOWV� RI� WKH� FDOFXODWLRQV� RI� SD�

UDPHWHU�[Q�J�����IRU���u���PP�VWLOEHQH�VLQJOHFU\VWDO
(J��0H9 (FRPS�0H9

&KDQQHO
QXPEHU

(Q��0H9 [Q�J
����� ����� �� ����� ������
����� ����� �� ����� �����
����� ����� ��� ����� �����
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7KXV�� GHVLJQHG� VHW�XS� DQG� WHFKQLTXH
JLYHV�D�SRVVLELOLW\�WR�REWDLQ�WKH�HQHUJ\�VSHF�
WUD�RI�UHFRLO�SURWRQV�JHQHUDWHG�E\�IDVW�QHX�
WURQV� H[FOXGLQJ� WKH� LQIOXHQFH� RI� DFFRPSD�
QLHG� JDPPD�UDGLDWLRQ�� 7KH� PD[LPXP� HQ�
HUJ\� RI� UHFRLO� SURWRQV� JLYHV� LQIRUPDWLRQ
DERXW� QHXWURQ� HQHUJLHV�� DQG� WKH� UDWLR� EH�
WZHHQ�WKH�QXPEHU�RI�SXOVHV�RQ�WKH�QHXWURQ
DQG� JDPPD�FRQWURO� RXWSXWV� DOORZV� HVWLPDW�
LQJ� WKH� DELOLW\� RI� VFLQWLOODWRUV� WR� VHOHFWLYH
GHWHUPLQDWLRQ�RI�QHXWURQ�DQG�JDPPD�UDGLD�
WLRQ�� 7KH�.Q�YDOXH� LQFUHDVHV� ZLWK� JURZWKRI� VDPSOH� GLPHQVLRQV� �7DEOH����� ,W� PHDQV
WKDW� IRU�HQHUJ\�UDQJH�GLVFXVVHG�D�GHSHQG�
HQFH� RI� VFLQWLOODWLRQ� HIILFLHQF\� IURP� VDP�
SOH� GLPHQVLRQV� LV� VWURQJHU� IRU� QHXWURQV
WKDQ�IRU�SKRWRQV�RI�JDPPD�UDGLDWLRQ��7KH
FRPSDULVRQ� RI� WKH� UHVXOWV� REWDLQHG� IRU
VWLOEHQH�DQG�S�WHUSKHQ\O�VLQJOH�FU\VWDOV�LQ�
GLFDWHV� WKDW� GHWHFWRUV� RQ� WKH� EDVH� RI� VWLO�
EHQH� VFLQWLOODWRUV� PRUH� HIIHFWLYH� IRU� WKH
PRGHUQ� WDVNV� RI� QHXWURQ� VSHFWURPHWU\�
1RWZLWKVWDQGLQJ� WKDW�� LW� LV� QHFHVVDU\� WR
WDNH� LQWR� DFFRXQW� IRU� SUDFWLFDO� XVH�� WKDW
VFLQWLOODWRUV� RQ� WKH� EDVH� RI� S�WHUSKHQ\O
KDYH�EHWWHU�VWUHQJWK�DQG�RSHUDWLQJ�FKDUDF�
WHULVWLFV��7KH�YDOXHV�RI�SDUDPHWHU�[Q�J�KDYHEHHQ�REWDLQHG�IRU�GLIIHUHQW�HQHUJLHV�RI� LRQ�
L]LQJ� UDGLDWLRQ�� ,W� JLYHV�YHU\� LPSRUWDQW� LQ�
LWLDO�LQIRUPDWLRQ�IRU�WKH�TXDQWLWDWLYH�DQDO\�
VLV�RI�WKH�SURFHVVHV�SURFHHGLQJ�LQVLGH�D�SDU�
WLFOH�WUDFN�LQ�FRQWUDVW�WR�HDUOLHU�ZRUNV�ZKHQ
VXFK� D� VWXG\�� SUDFWLFDOO\�� KDG� TXDOLWDWLYH
FKDUDFWHU�>�Ü�@�

5HIHUHQFHV
� ���7�$�.LQJ�� 5�9ROW]�� 3URF��5R\DO� 6RF��� $����

�����������
� ���-�%�%LUNV��7KH�7KHRU\�DQG�3UDFWLFH�RI�6FLQWLO�

ODWLRQ� &RXQWLQJ�� 3HUJDPRQ� 3UHVV�� /RQGRQ
�������

� ���1�=�*DOXQRY�� <X�$�7VLUOLQ�� 6RPH� $VSHFWV� RI
WKH�5DGLROXPLQHVFHQFH�3XOVH�)RUPDWLRQ�3URF�
HVV�LQ�2UJDQLF�6LQJOH�&U\VWDOV�DQG�&KHPLFDOO\
3XUH� /LTXLG� 6FLQWLOODWLRQ� 6ROXWLRQV� DQG� WKH
$ELOLW\�WKHUHRI�WR�6HOHFWLYH�'HWHFWLRQ�RI�,RQL]�
LQJ� 5DGLDWLRQ�� 1,,7(&+,0�� 0RVFRZ� ������
>LQ�5XVVLDQ@�

� ���1�=�*DOXQRY�� 9�3�6HPLQR]KHQNR�� 7KHRU\� DQG
$SSOLFDWLRQV�RI�WKH�5DGLROXPLQHVFHQFH�RI�2U�
JDQLF� &RQGHQVHG� 0HGLD�� 1DXNRYD� 'XPND�
.LHY��������>LQ�5XVVLDQ@�

� ���1�=�*DOXQRY�� (�9�0DUW\QHQNR�� LQ�� $EVWU��RI
WKH� ,QW��&RQI��RQ� &U\VWDO� 0DWHULDOV�� ,QVWLWXWH
IRU�6LQJOH�&U\VWDOV��.KDUNRY���������S����

� ���1�=�*DOXQRY�� %�9�*ULQ\RY�� 2�$�7DUDVHQNR�
(�9�0DUW\QHQNR�� -��� .RUHDQ� $VVRF��� 5DGLDW�
3URWHFW�����������������

� ���,�9�*RU\DFKHY��<D�,�.RYDOHYDWRY��/�$�7U\NRY�
,QWHJUDO� ([SHULPHQWV� LQ� WKH� 3UREOHP� RI� WKH
,RQL]LQJ� 5DGLDWLRQ� 7UDQVIHU�� (QHUJRDWR�
PL]GDW��0RVFRZ��������>LQ�5XVVLDQ@�

� ���&HUWLILFDWH� 1R����� IURP� -XO\� ���� �����
0HWURORJLFDO� $WWHVWDWLRQ� RI� &ORVHG� &DOLIRU�
QLXP� 6RXUFH� RI� 1HXWURQ� 5DGLDWLRQ�� W\SH
,1.���� 3DVVSRUW� 1R������ 1DWLRQDO� 5HVHDUFK�
DQG�3URGXFWLRQ� $VVRFLDWLRQ� �0HWURORJLD�
�������>LQ�5XVVLDQ@�
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