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KDYH� EHHQ� SUHSDUHG� DQG� VWXGLHG� ZLWK� UHVSHFW� WR� PDQXIDFWXULQJ� RI� DFWLYH� ODVHU� HOHPHQWV
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,W�LV�NQRZQ�WKDW�WKHUH�H[LVWV�D�JUHDW�LQWHU�
HVW��LQ�GHYHORSPHQW�DQG�DSSOLFDWLRQ�RI��ODVHUV
IRU�WKH�����WR�����PP�UDQJH�>���@��7KLV�UDQJH
FRUUHVSRQGV� WR� WKH� DWPRVSKHULF� WUDQVSDUHQF\
ZLQGRZ� DQG� WKH� H\H�VDIH� VSHFWUDO� UHJLRQ�
WKHUHIRUH�� LW� LV�DSSOLHG� LQ� VRPH�ILHOGV�RI� VFL�
HQFH�DQG�WHFKQRORJ\�VXFK�DV�UHPRWH�ODVHU�GL�
DJQRVWLFV� DQG� VSHFWURVFRS\�� PHGLFLQH�� ILEHU�
RSWLFV� FRPPXQLFDWLRQ�� DQG� UDQJLQJ�� (UELXP
JODVV�ODVHUV�ZLWK�IODVKODPS�SXPSLQJ�HPLWWLQJ
DW�ZDYHOHQJWK�RI������PP�DUH� WKH� HDVLHVW� DQG
WKH� PRVW� ZLGHVSUHDG� VRXUFHV� RI� KLJK� SRZHU
UDGLDWLRQ�LQ�WKLV�UHJLRQ�
,Q� HUELXP� JODVVHV� HUELXP� LRQV� REWDLQ

SUDFWLFDOO\�WKH�ZKROH�RI�QRQ�PRQRFKURPDWLF
SXPS� HQHUJ\� YLD� QRQ�UDGLDWLQJ� FKDQQHOV
IURP� \WWHUELXP� RQHV�� 7KH� ODWWHU� DUH� WKH
PDLQ� VHQVLWL]LQJ� DGGLWLYH� >�@� LQ� WKLV� FDVH�
7KH� HUELXP� SKRVSKDWH� ODVHU� JODVVHV� QRZ� LQ
SURGXFWLRQ� KDYH� KLJK� HQRXJK� RSHUDWLQJ
FKDUDFWHULVWLFV� >�@��7KH� IXOO� ODVHU�HIILFLHQF\
IRU� WKHVH� JODVVHV� LV� ZLWKLQ� OLPLWV� RI� �� WR
�� ��� WKDW� LV� FRPSDUDEOH� ZLWK� WKDW� RI� 1G�

JODVV� ODVHU� ��� WR� �� ���� � 7KH� DLP� RI� WKLV
ZRUN� ZDV� WR� LPSURYH� WKH� WHFKQLTXH� IRU
PDQXIDFWXULQJ� RI� HUELXP� JODVV� � DQG� WR� GH�
WHUPLQH�LWV�SKRWRSK\VLFDO�IHDWXUHV�DQG�ODVHU
FKDUDFWHULVWLFV� RI� DFWLYH� HOHPHQWV� PDGH� RI
WKLV�JODVV�
7R� SUHSDUH� HUELXP� JODVV�� ZH� KDYH� XVHG

EDULXP� SKRVSKDWH� PDWUL[� ZLWK� LQWURGXFHG
HUELXP� LRQV� DV� DQ� DFWLYDWRU� DQG� \WWHUELXP
DQG� FKURPLXP� RQHV� DV� VHQVLWL]LQJ� DJHQWV�
6LQFH�WKH�RSWLPXP�FRQFHQWUDWLRQV�RI�HUELXP
DQG� \WWHUELXP� LRQV� ZHUH� NQRZQ� >�Ü�@�� RXU
WDVN�ZDV�WR�GHWHUPLQH�WKDW�IRU�FKURPH�LRQV�
)RU�WKLV�SXUSRVH��ZH�KDYH�V\QWKHVL]HG�\WWHU�
ELXP�HUELXP�JODVVHV�ZLWK�YDULRXV�FKURPLXP
LRQ� FRQFHQWUDWLRQV�� 7KH� JODVVHV� ZHUH� IXVHG
LQ� VLOLW� IXUQDFHV� XVLQJ� D� PRGLILHG� WZR�VWDJH
WHFKQLTXH��6SHFLDO�SXULW\�JUDGH�VWDUWLQJ�PDWH�
ULDOV�ZHUH� XVHG��7KH� LQLWLDO� EOHQG�ZDV�ERLOHG
WKRURXJKO\� LQ� D� ���� GP�� FUXFLEOH� PDGH� RI� D
�6WHNULW��W\SH�JODVV�FHUDPLFV��7KHQ�WKH�JODVV
PDVV�ZDV�SRXUHG�LQ�UHILQHG�SODWLQXP�FUXFLEOH
RI� WKH� VDPH� YROXPH��ZKHUH� WKH� QH[W� WHFKQR�
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ORJLFDO� VWDJHV� �GHXWHUDWLRQ�� WKH� PHOW� EXE�
EOLQJ� ZLWK� R[\JHQ�� KRPRJHQL]DWLRQ� RI� WKH
IOXLG�JODVV�� HWF���ZHUH�FDUULHG� RXW��7KH�JODVV
FDVW� LQ� D� PRXOG� ZDV� DQQHDOHG� LQ� HOHFWULFDO
UHVLVWDQFH� IXUQDFH� LQ� DFFRUGDQFH� ZLWK� WKH
SUHVHW� WHPSHUDWXUH�WLPH� VFKHGXOH�� 7KH� VDP�
SOHV� IRU� GHWHUPLQDWLRQ� RI� SK\VLFRFKHPLFDO
SURSHUWLHV� DQG� VSHFWUDO� DQG� OXPLQHVFHQFH� SD�
UDPHWHUV� DV� ZHOO� DV� WKH� ODVHU� DFWLYH� HOHPHQWV
���u���PP��� ZLWK� FHUWDLQ� FKURPLXP� FRQFHQ�
WUDWLRQV� ZHUH� SUHSDUHG� IURP� WKLV� JODVV� FDVWV�
7KH�PDLQ�FKDUDFWHULVWLFV�RI�WKH�/)6�(�JODVV�DUH
FLWHG� LQ� 7DEOH��� DQG� FKDUDFWHULVWLF� DEVRUSWLRQ
VSHFWUD� WKHUHRI�PHDVXUHG�XVLQJ�DQ�6)���� VSHFWUR�
SKRWRPHWHU�DUH�VKRZQ�LQ�)LJ�����7KH�DEVRUSWLRQ
EDQGV� RI� HUELXP�DUH� UDWKHU�QDUURZ�DQG� ORZ�
LQWHQVH��7KLV�LV�RQH�RI�WKH�PDLQ�REVWDFOHV�IRU
LWV�HIILFLHQW�ODVLQJ�LQ�JODVV�ZLWKRXW�DGGLWLRQDO
VHQVLWL]HUV��0RUHRYHU�� WKH����Ü����QP�VSHF�
WUDO� UDQJH� LQ�ZKLFK� D� VLJQLILFDQW� IUDFWLRQ�RI
IODVKODPS�SXPSLQJ�HQHUJ\�LV�UDGLDWHG��LV�QRW
XWLOL]HG�HYHQ�WKRXJK�\WWHUELXP�LRQV�DUH�XVHG
DV� D� VHQVLWL]HU��7KHUHIRUH�� WKH� ODVLQJ� WKUHVK�
ROG� IRU� \WWHUELXP�HUELXP� JODVVHV� LV� UDWKHU
KLJK�� ,QWURGXFWLRQ� RI� FKURPLXP� LRQV� DV� DQ
DGGLWLRQDO� VHQVLWL]HU� �)LJ���E�� HQDEOHV� WR� LQ�
FUHDVH� WKH� XVH� IDFWRU� RI� IODVKODPS� SXPSLQJ
UDGLDWLRQ� DQG� WR� UHGXFH� WKH� ODVHU� JHQHUDWLRQ
WKUHVKROG� DV� D� UHVXOW�� 7KH� DEVRUSWLRQ� VSHF�

WUXP� RI� FKURPLXP� LRQV� LQ� SKRVSKDWH� JODVV
FRQVLVWV� RI� WZR� ZLGH� EDQGV� ZLWK� PD[LPD
QHDU� ���� QP� DQG� ���� QP�� RYHUODSSLQJ� WKH
YLVLEOH� VSHFWUDO� UDQJH�� 7KH� OXPLQHVFHQFH
EDQG� RI� FKURPLXP� HQFRPSDVVHV�D�ZLGH� VSHF�
WUDO� UHJLRQ� RI� ���Ü����� QP� ZLWK� PD[LPXP
QHDU�����QP��7KLV�UHJLRQ�RYHUODSV�ZLWK�WKDW�RI
\WWHUELXP�DEVRUSWLRQ��WKXV��DQ�HIILFLHQW�HQHUJ\
WUDQVIHU�IURP�FKURPH�WR�\WWHUELXP�LV�SURYLGHG
DV�D�UHVXOW�
7KH� HUELXP� LRQ� OXPLQHVFHQFH� OLIHWLPH� WODQG�DPSOLWXGH�RI�LWV�LQWHQVLW\�,O�IRU�DOO�VWXG�LHG� VDPSOHV� RI� WKH� JODVVHV� KDYH� EHHQ� PHDV�

XUHG�ZLWK� GLVN� W�PHWHU� RI�7,���� W\SH��)LJ���
VKRZV�WKH�UHVXOWV�RI�WKHVH�PHDVXUHPHQWV��7KH
LQFUHDVLQJ�FKURPH�FRQWHQW�LQ�JODVV�LV�VHHQ�WR
DPSOLI\� VHQVLWL]DWLRQ� HIIHFW�� VR� WKH� HUELXP
LRQ�OXPLQHVFHQFH�ULVHV�PRUH�WKDQ�E\�D�IDFWRU
���� DV� D� UHVXOW�� 7KLV� LQGLFDWHV� WKH� HIILFLHQW
FKURPH�\WWHUELXP�HUELXP� HQHUJ\� WUDQVIHU�
ZKHUHDV� WKH� RSWLPDO� FKURPLXP� FRQFHQWUD�
WLRQ�UDQJH�DPRXQWV�LV�����WR������ZW����
2QH� RI� WKH�PDLQ� FKDQQHOV� RI� WKH� LRQ� HU�

ELXP� OXPLQHVFHQFH� TXHQFKLQJ� LV� WKH� H[�
FKDQJH� RI� WKH� DFWLYDWRU� HOHFWURQ� H[FLWDWLRQ
HQHUJ\� IRU� VWUHWFKLQJ� YLEUDWLRQ� RI� WKH� R[\�
K\GU\O�JURXSV��HQ±GP�Ü�DV�DQ�DFFHSWRU��7KHK\GUR[\O� JURXSV� �2±+�Ü� KDYH� WKH� VWURQJHVW
TXHQFKLQJ� HIIHFW� DPRQJ� WKHP�� 7KH� LQGXF�

)LJ�����$EVRUSWLRQ�VSHFWUD�RI�HUELXP�JODVVHV���D��ZLWKRXW�FKURPLXP�LRQV���E��ZLWK������ZW���&U�2��

7DEOH����0DLQ�FKDUDFWHULVWLFV�RI�/)6�(�JODVV

3DUDPHWHU 9DOXH 1RWHV
(UELXP�FRQFHQWUDWLRQ ����������FPÜ� Û

<WWHUELXP�FRQFHQWUDWLRQ ����y����������FPÜ� Û
&KURPLXP�FRQFHQWUDWLRQ ���������WR����������FPÜ� �����WR������ZW��
5HIUDFWLRQ�LQGH[��QH ����� Û

/XPLQHVFHQFH�GHFD\�GXUDWLRQ��WO ������Ü��V )RU�FKURPLXP�FRQF��XS�WR
���������FPÜ��

'HQVLW\ �����J�FP� Û
7KHUPDO�H[SDQVLRQ�FRHIILFLHQW ������Ü����&�Ü� )RU�WHPSHUDWXUH�UDQJH���Ü����&
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WDQFH�UHVRQDQFH� PHFKDQLVP� RI� QRQ�UDGLDW�
LQJ� LRQ�YLEUDWLRQ� WUDQVIHU� RI� DFWLYDWRU� H[�
FLWDWLRQ� FDXVHV� HQHUJ\� GHJUDGDWLRQ� RI� HU�
ELXP� PHWDVWDEOH� VWDWH� DQG� UHGXFWLRQ� RI
TXDQWXP� \LHOG�� OXPLQHVFHQFH� GHFD\� WLPH�
ODVHU� HIILFLHQF\� DQG� UDLVLQJ� WKH� ODVLQJ
WKUHVKROG�
�2QH�RI� WKH�PDLQ�ZD\V� WR�UHGXFH� LQIOX�

HQFH� RI� WKHVH� JURXSV� LV� GHXWHUDWLRQ� RI� WKH
JODVV�PHOW�EHFDXVH�WKH�PD[LPXP�RI�WKH��2±
'�� ERQG� YLEUDWLRQ� VSHFWUXP� KDV� D� EDWKR�
FKURPLF� VKLIW� ZLWK� UHVSHFW� WR� �2±+�� RQH�
0RUHRYHU�� XVLQJ� WKH� GHK\GUDWLRQ� RI� WKH
JODVV�PDVV��LW�LV�SRVVLEOH�WR�UHGXFH�FRQVLG�
HUDEO\�WKH�RYHUODSSLQJ�RI�WKH�HUELXP�HPLV�
VLRQ� VSHFWUXP� ZLWK� K\GUR[\O� DEVRUSWLRQ
RQH� DQG� WR� UHGXFH� WKH� (U��� OXPLQHVFHQFH
TXHQFKLQJ�DV�D�UHVXOW�
7KH� GHK\GUDWLRQ� GHJUHH� RI� WKH� VWXGLHG

JODVVHV� PD\� EH� HVWLPDWHG� TXDOLWDWLYHO\
IURP� WKHLU� DEVRUSWLRQ� VSHFWUD�� )LJ���
VKRZV� DEVRUSWLRQ� VSHFWUD� RI� WKH� GHK\�
GUDWHG� �E\� GHXWHUDWLRQ�� DQG� QRQ�GHK\�
GUDWHG� JODVV� VDPSOHV�� 7KH� VSHFWUD� ZHUH
FDOFXODWHG� IURP� WKH� WUDQVPLVVLRQ� RQHV
PHDVXUHG� XVLQJ� DQ� ,.6���� VSHFWUR�
SKRWRPHWHU�� ,W� LV� VHHQ� WKDW�� XVLQJ� WKH
WHFKQRORJ\�RI�JODVV�PHOW�GHXWHUDWLRQ�� LW� LV
SRVVLEOH� WR� UHGXFH� DEVRUSWLRQ�ZLWK� �H±G�Ü
JURXSV� VLQFH� WKH� LQWHQVLW\� DQG� OLIHWLPH� RI
WKH� OXPLQHVFHQFH� HUELXP� LRQV� EHLQJ� LQ�
FUHDVHG� DW� WKH� VDPH� WLPH� �)LJ������7KH�DE�
VRUSWLRQ� FRHIILFLHQW� RI� WKH� VDPSOHV� ZDV
ORZHU� WKDQ� ����� PPÜ�� DW� Qa� ������FPÜ�
IRU� WKH� DOO� FKURPH� FRQFHQWUDWLRQ� VHULHV�
7KLV� IDFW� LQGLFDWHV� WKH� PDLQ� IUDFWLRQ� RI
K\GUR[\O�JURXSV�WR�EH�UHPRYHG��
)RXU� F\OLQGULFDO� H[HPSODUV� RI� DFWLYH

HOHPHQWV�ZHUH�IDEULFDWHG�ZLWK�WKH�IROORZLQJ

SDUDPHWHUV�� GLDPHWHU� RI� ����PP�� OHQJWK� RI
���PP��&U�2��FRQFHQWUDWLRQ�RI� ������������������DQG������PDVV���IRU�ODVHU�UHVHDUFKHV�
� 7KH� HOHPHQWV� ZHUH� WHVWHG� LQ� WZR� ODVHU
SXPSLQJ� V\VWHPV� �/36�� ZLWK� ,13�����
W\SH� IODVKODPSV� � � XVHG� LQ� WKH� �VW� V\VWHP
DQG� ,13������ W\SH� RQHV� LQ� WKH��QG��7KHUH
ZDV� DSSOLHG� � WKH� IRUPLQJ� FLUFXLW� RI� IODVK�
ODPS� GLVFKDUJH� FDOFXODWHG� DV� GHVFULEHG� LQ
>�@�WR�LQFUHDVH�LWV�OLJKW�RXWSXW�DQG�SURYLGH
WKH� VSHFWUDO� PDWFKLQJ� RI� SXPS� UDGLDWLRQ
ZLWK� DEVRUSWLRQ� EDQG� RI� WKH� ODVHU� DFWLYH
PHGLXP�� $� TXDUW]� UHIOHFWLQJ� HQFORVXUH
ZLWK� GLIIXVH� FRDWLQJ� ZDV� XVHG� LQ� WKH� �VW
/36�� 7KH� SXPSLQJ� OLJKW� SXOVH� GXUDWLRQ
WKHUHLQ�ZDV�W���|��PV��):+0���/DVHU�FDY�
LW\� RI� ����PP� OHQJWK�ZDV� IRUPHG� E\� WZR
SODQH�GLHOHFWULF�PLUURUV�ZLWK�WKH�UHIOHFWLRQ
FRHIILFLHQWV� 5�� ������ �� DQG� 5�� �����DW�O� ������PP��7KH�VWXGLHG�VDPSOHV�GLIIHU
QRWLFHDEO\� QHLWKHU� LQ� WKH� SXPSLQJ� WKUHVK�
ROG�:WKU� QRU� LQ� ODVLQJ� HQHUJ\�:ODV� XQGHUWKH� VDPH� SXPSLQJ� HQHUJ\� RI� ���� -�� $Q
LQVLJQLILFDQW�GLVWLQFWLRQ�ZDV�SUREDEO\�FRQ�
QHFWHG� ZLWK� WKH� SUHVHQFH� RI� LQKRPRJHQHL�
WLHV�LQ�WKH�VDPSOHV�
$�TXDUW]�UHIOHFWLQJ�HQFORVXUH�ZLWK�PLU�

URU� FRDWLQJ�ZDV� HPSOR\HG� LQ� WKH��QG�/36�
,WV� JHRPHWULF� SURSRUWLRQV� ZHUH� PDWFKHG
ZLWK� GLPHQVLRQV� RI� WKH� H[DPLQHG� VDPSOHV
FRQVLGHUDEO\�EHWWHU�WKDQ�IRU�WKH��VW�V\VWHP�
7KH�WHVWLQJ�ZLWK�UHVSHFW�WR�HQHUJ\�SDUDPH�
WHUV� GHPRQVWUDWHG� WKDW� RSWLPDO� UHIOHFWLYLW\
RI�RXWSXW�PLUURU� LQ�WKH��QG�/36�ZDV�HTXDO
5�|�����
:H�KDYH�PHDVXUHG�WKH�RXWSXW�ODVHU�HQHUJ\

DW� WKH� VDPH�FKDUJH�HQHUJ\�RI� ODVHU� FDSDFLWRU
EDQN� EXW� DW� GLIIHUHQW� SDUDPHWHUV� RI� LWV� GLV�
FKDUJH� ORRS� WR� FOHDU� XS� WKH� LQIOXHQFH� RI

)LJ����� 'HSHQGHQFHV� RI� OXPLQHVFHQFH� SXOVH
DPSOLWXGH�,O� �D��DQG� LWV�GHFD\�GXUDWLRQ�WO� �E�RQ�&U��� FRQFHQWUDWLRQ� IRU� GHXWHUDWHG� ���� DQG
QRQ�GHXWHUDWHG�����JODVV�

)LJ�����7\SLFDO�DEVRUSWLRQ�VSHFWUD�RI�DQ�/)6�(
JODVV� ZLWK�&U��� FRQFHQWUDWLRQ� �����ZW���� IRU
GHXWHUDWHG�����DQG�QRQ�GHXWHUDWHG�����JODVV�
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SXPSLQJ� GXUDWLRQ� XSRQ� ODVHU� HIILFLHQF\� RI
WKH� VDPSOHV��7KH� UHVXOWV� RI� WKHVH�PHDVXUH�
PHQWV� IRU� WKH� VDPSOH� ZLWK� ����� ZW�� �
&U�2�� XQGHU� SXPSLQJ� HQHUJ\� :S� ����-DUH�UHSUHVHQWHG�LQ�7DEOH����7KH�VDPSOH�HI�
ILFLHQF\�LV�VHHQ�WR�YDU\�ZHDNO\�LQ�WKH�GXUD�
WLRQ�UDQJH�RI�����WR���PV��6RPH�LQFUHDVH�RI
WKH�ODVHU�RXWSXW�HQHUJ\�DW�WKH�SXOVH�GXUDWLRQ
LQFUHDVH� IURP� ���� PV� WR� �� PV� PD\� EH� FRQ�
QHFWHG� ZLWK� UHODWLYHO\� ORQJ� WLPH� RI� HQHUJ\
WUDQVIHU� IURP� <E��� WR� (U��� >�@� EHLQJ� PDQL�
IHVWHG�LQ�WKLV�FDVH��7KH�LQVLJQLILFDQW�GHFUHDVH
RI�:ODV� DW�SXOVH�GXUDWLRQV� W����!�����PV�ZDVSUREDEO\� FDXVHG� E\� ORVVHV� GXH� WR� WKH� DGGL�
WLRQDO� LQGXFWDQFH�WKDW�ZDV�XVHG� LQ�WKLV�FDVH�
'HOD\�WLPH�RI�WKH�ODVHU�SXOVH�ZLWK�UHVSHFW�WR
WKH� SXPSLQJ� RQH� IRU� DOO� WKH�GXUDWLRQ�YDOXHV
WXUQHG�RXW�WR�EH�QHDUO\�HTXDO�WR�ULVH�XS�SRU�
WLRQ�RI�WKH�SXPSLQJ�SXOVH��VLPLODU�WR�WKH��VW
V\VWHP�� 7KLV� UHVXOW� DJUHHV� ZLWK� RWKHU� UH�
VHDUFKHV�>�@�
)LJ����VKRZV�D�W\SLFDO�GHSHQGHQFH�RI�ODVHU

UDGLDWLRQ�HQHUJ\�:ODV�RQ�WKH�SXPSLQJ�RQH�:SIRU� WKH� JODVV�ZLWK� �����ZW����&U�2�� LQ� WKH�QG�V\VWHP�ZLWK�RXWSXW�PLUURU�5�|�����7KH�SUHVHQWHG�UHVXOWV�GHPRQVWUDWH�WKDW�WKH
REWDLQHG��VDPSOHV�RI�WKH�HUELXP�JODVV�SURYLGH
D�UDWKHU�KLJK�ODVHU�HIILFLHQF\�DWWDLQLQJ�DERXW
������LQ�WKH�IUHH�UXQQLQJ�PRGH�WKDW�LV�FRP�
SDUDEOH�ZLWK�WKH�NQRZQ�DQDORJXHV�

5HIHUHQFHV
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