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/XPLQHVFHQW� QDQRPDWHULDOV� DFTXLUH� HYHU
JURZLQJ� LPSRUWDQFH� LQ� HQJLQHHULQJ�� HOHF�
WURQLFV�� ELRORJ\� DQG� PHGLFLQH� >����@�� )RU
PDQ\� SK\VLFDO�� FKHPLFDO� DQG� ELRORJLFDO� RE�
MHFWV��WKH�WUDQVLWLRQ�IURP�PDFURVFDOH�REMHFWV
WR� SDUWLFOHV� RI� �� WR� ��� QP� VL]H� KDV� EHHQ
VKRZQ�WR�UHVXOW�LQ�WKH�TXDOLWDWLYH�PRGLILFD�
WLRQV�RI�SK\VLFRFKHPLFDO�SURSHUWLHV�RI� LQGL�
YLGXDO�FRPSRXQGV�DQG�V\VWHPV�REWDLQHG�EDV�
LQJ� WKHUHRQ�� 7KH� SURSHUWLHV� RI� QDQRVL]HG
FU\VWDOV� GHSHQG� HVVHQWLDOO\� RQ� WKH� QXPEHU
RI� VXUIDFH� DWRPV�� ORFDOL]HG� HOHFWURQ� VWDWH
DQG� FDQ� WDNH� QHZ� TXDOLWDWLYH� SURSHUWLHV� DV
FRPSDUHG� WR� WKH� YROXPH� SKDVH� >�Ü�@�� 7KH
XVH� RI� LQRUJDQLF� QDQRFU\VWDOV� DV� ELRORJLFDO
SUREHV� DQG� ODEHOV� LV� DFWXDO� LQ� WKH� PRGHUQ
ELRORJ\�DQG�PHGLFLQH�>�@��

7KH� FRQYHQWLRQDO� FODVVHV� RI� IOXRUHVFHQW
SUREHV� DUH� RUJDQLF� G\HV�� IOXRUHVFHQW� SUR�
WHLQV�� TXDQWXP� GRWV�� DQG� ODQWKDQLGH
FKHODWHV�� 7KHVH� SUREHV� ILQG� DQ� DSSOLFDWLRQ
GXH�WR�VXFK�DWWUDFWLYH�SURSHUWLHV�DV�WKH�SRV�
VLELOLW\�WR�XVH�ORZ�LQWHQVLW\�H[FLWLQJ�VRXUFHV
DQG� DYDLODELOLW\� RI� VWDQGDUG� XVDJH� SURWRFRO
WKHUHRI�� +RZHYHU�� WKHUH� DUH� VRPH� OLPLWD�
WLRQV� IRU� WKHLU�XVDJH�FDXVHG�E\� WKH�SURSHU�

WLHV� RI� FRQYHQWLRQDO� IOXRURSKRUV�� )RU� LQ�
VWDQFH�� RUJDQLF� IOXRURSKRUV� VKRZ� D� VPDOO
6WRNHV� VKLIW�� ORZ�SKRWRVWDELOLW\��ZLGH� OXPL�
QHVFHQFH� EDQGV�� DQG� D� WR[LFLW\�� 7KH� XVH� RI
TXDQWXP� GRWV� LV� FRPSOLFDWHG� E\� WKH� IDFW
WKDW� ELRORJDOO\� LQFRPSDWLEOH� RUJDQLF� VRO�
YHQWV� DUH� UHTXLUHG� WR� V\QWKHVL]H� WKHUHRI�
7KH� VHPLFRQGXFWRU� QDQRFU\VWDOV� DUH� WR[LF�
VR� IRU� ELRORJLFDO�XVDJH�� WKHLU� SDVVLYDWLRQ� LV
QHFHVVDU\�� L�H��� WKH� V\QWKHVLV� RI� VR�FDOOHG
FRUH�VKHOO�VWUXFWXUHV�>����@�

+HQFH�� WKH� XVH� RI� LQRUJDQLF� GLHOHFWULF
FU\VWDOV�RI�WKH�DFWLYDWHG�FRPSRXQGV�RI�UDUH�
HDUWK� HOHPHQWV� DV� OXPLQHVFHQW� ODEHOV� VHHPV
WR�EH�RI�JRRG�SURVSHFWV��)LUVW�RI�DOO��WKLV�LV
FRQQHFWHG� ZLWK� WKH� KLJK� SKRWRVWDELOLW\� RI
GLHOHFWULF� QDQRFU\VWDOV� XQGHU� FRQVLGHUDEOH
FKDQJHV� RI�PHGLXP� SDUDPHWHUV� DQG� DOVR� DW
GLIIHUHQW� H[FLWDWLRQ� WHFKQLTXHV��7KRVH� FRP�
SRXQGV� VKRZ� DQ� LQWHQVH� OXPLQHVFHQFH� DQG
QDUURZ� VSHFWUDO� EDQGV�� WKH\� DUH� VWDEOH
XQGHU�RSWLFDO�LUUDGLDWLRQ��GR�QRW�H[KLELW�DQ\
SURQRXQFHG�WR[LFLW\��DQG�FDQ�EH�REWDLQHG�LQ
DTXHRXV�VROXWLRQV� >�Ü�@�WKDW� LV�RI�D�FRQVLG�
HUDEOH�LPSRUWDQFH�IRU�WKHLU�ELRORJLFDO�DSSOL�
FDWLRQV�
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,Q� WKH� SUHVHQW�ZRUN�� RUWKRSKRVSKDWHV� RI
UDUH�HDUWK� HOHPHQWV� ZHUH� VHOHFWHG� IRU� VWXG�
LHV��EHLQJ�WKH�FRPSRXQGV�RI�EHVW�FRPSDWLELO�
LW\�ZLWK�ELRORJLFDO�REMHFWV�DQG�DEOH� WR�VROX�
ELOL]DWLRQ� LQ� RUJDQLF� ORZ�PROHFXODU� DQG
SRO\PHULF� PROHFXOHV�� $OVR� LW� LV� SRVVLEOH� WR
PRGLI\� WKH� VXUIDFH� RI� RUWKRSKRVSKDWH
QDQRFU\VWDOV�LQ�RUGHU�WR�SURYLGH�ELRORJLFDOO\
DFWLYH�ODEHOV�RI�VHOHFWLYH�DFWLRQ��

)RU� WKH� V\QWKHVLV� RI� &H32��7E��� DQG/D32��(X���� FROORLGDO� DTXHRXV� VROXWLRQV� RIUDUH�HDUWK� FKORULGHV� IURP� �$FURV� RUJDQLFV�
������ ��� DQG� VRGLXP� WULSRO\SKRVSKDWH
0���� IURP� �0DFURFKHP�� ZHUH� XVHG�� $E�
VRUSWLRQ� VSHFWUD� ZHUH� PHDVXUHG� XVLQJ� D
63(&25'�����VSHFWURSKRWRPHWHU��7R�REWDLQ
WKH� OXPLQHVFHQFH� VSHFWUD�� D�0'5����PRQR�
FKURPDWRU� ZLWK� WKH� PDQLSXODWLRQ� DQG� GDWD
JDWKHULQJ� LQ� .$0$.� VWDQGDUG� ZDV� XVHG�
$V� WKH� H[FLWDWLRQ� VRXUFHV�� D� KHOLXP�FDG�
PLXP� ODVHU� ZLWK� ���� QP� HPLVVLRQ� ZDYH�
OHQJWK�DQG�D�����:�[HQRQ�ODPS�ZHUH�XVHG�
7KH� SDUWLFOH� VXUIDFH� FKDUJH� VLJQ� ZDV� GHWHU�
PLQHG�E\�HOHFWURSKRUHVLV�LQ�8�VKDSHG�WXEH�DW
���� 9�'&� YROWDJH� RQ� WKH� HOHFWURGHV�� $V� WKH
EXIIHU� VROXWLRQ�� �����0�1D&O� ZDV� XVHG�� 7KH
PRYHPHQW� GLUHFWLRQ� RI� QDQRSDUWLFOHV�ZDV� GH�
WHUPLQHG� YLVXDOO\� E\� WKH� WUDYHO� RI� OXPLQHV�
FHQW� VROXWLRQ� ERXQGDU\� LQ� WKH� EXIIHU� XQGHU
XOWUDYLROHW� LOOXPLQDWLRQ�� 7KH� WUDQVPLVVLRQ
HOHFWURQ� PLFURVFRS\� ZDV� SHUIRUPHG� XVLQJ� D
3(0����.�

)RU� WR[LFLW\� HYDOXDWLRQ�RI�REWDLQHG�VROX�
WLRQV�� ELRORJLFDO� WHVWV� RQ� FHOOV� XVLQJ� VWDQG�
DUG�SURWRFROV�ZHUH�SHUIRUPHG��7KH�LQIOXHQFH
RI� QDQRSDUWLFOHV� RQ� WKH� YLDELOLW\� ZHUH� VWX�
GLHG�XVLQJ�WKH�UDW�PDUURZ�FHOOV�DQG�KHSDWR�
F\WHV� LQ� FRQGLWLRQV� RI� ORQJ�WLPH� LQFXEDWLRQ
���� KRXUV��� )RU� FHOO� YLDELOLW\� HYDOXDWLRQ�
WZR� PHWKRGV� ZHUH� DSSOLHG�� Û� ZLWK

SURSLGLXP�LRGLGH�DQG�ZLWK�H[FOXVLRQ�RI�WU\�
SDQ� EOXH� >��@�� $IWHU� LQFXEDWLRQ� ZLWK� WKH
SDUWLFOHV�� ����P/� RI� ������ WU\SDQ�EOXH� VR�
OXWLRQ�LQ�WKH�SKRVSKDWH�EXIIHU�ZLWKRXW�&D��
DQG�0J���XQGHU�S+�����KDYH�EHHQ�DGGHG�WR
����P/�RI�FHOO�VXVSHQVLRQ��7KH�FHOO�FDOFXOD�
WLRQ� ZDV� GRQH� LQ� *RU\DHY� FKDPEHU� XQGHU
RSWLFDO� PLFURVFRSH� REVHUYDWLRQ�� 7KH� FHOOV
ZLWK� WKH�YLVXDOL]HG� �G\HG��QXFOHL�KDYH�EHHQ
HYDOXDWHG� DV� LQYLDEOH�� 7KH� QXPEHU� RI� LQYL�
DEOH�FHOOV�H[SUHVVHG� LQ�SHU�FHQW�WR�WKH�WRWDO
FHOO� QXPEHU� LQ� WKH� VDPSOH� ZDV� FRPSDUHG
ZLWK�WKH�FRQWURO�YDOXHV��7KH�FHOO�VXVSHQVLRQ
LQFXEDWHG�LQ�WKH�VDPH�FRQGLWLRQV�EXW�LQ�WKH
DEVHQFH�RI�QDQRSDUWLFOHV�ZDV�WDNHQ�DV�D�FRQ�
WURO�� 3URSLGLXP� LRGLGH� ZDV� LQWURGXFHG� LQ
WKH� FHOO� VXVSHQVLRQ� DW� �� P0� FRQFHQWUDWLRQ�
7KH� QXPEHU� RI� OXPLQHVFHQW� QXFOHL�ZDV� FDO�
FXODWHG� XQGHU� WKH� FHOO� REVHUYDWLRQ� LQ� DQ
2O\PSXV� ,;��� OXPLQHVFHQW� PLFURVFRSH
XVLQJ�D����:�[HQRQ� ODPS�DV�WKH�H[FLWDWLRQ
VRXUFH� ZLWK� ���Ü���� QP� H[FLWDWLRQ� ILOWHU
DQG� HPLVVLRQ� DW� ���� QP�� 7KH� FHOO� PDWHULDO
IRU�WHVWLQJ�ZDV�DVVLJQHG�E\�WKH�,QVWLWXWH�RI
FU\RELRORJ\�DQG�FU\RPHGLFLQH�1$68�

:H�KDYH�XVHG� D�PRGLILHG� WHFKQLTXH�SHU�
PLWWLQJ� WR� REWDLQ� VWDEOH� DTXHRXV� VROXWLRQV
RI�DFWLYDWHG�QDQRFU\VWDOV�ZLWK�SUH�VSHFLILHG
VL]H� DQG� SKDVH� VWUXFWXUH� LQ� FRQGLWLRQV� RI
FRQWUROOHG� FROORLGDO� FKHPLFDO� V\QWKHVLV� >�@�
7KH� WHFKQLTXH� VSHFLILF� IHDWXUH� LV� WKH� GXDO
UROH� RI� VRGLXP� WULSRO\SKRVSKDWH� SUHFXUVRU
�733���2Q�WKH�RQH�KDQG��LW� LV�WKH�VRXUFH�RI
RUWKRSKRVSKDWH� LRQV� �32��±�� IRUPHG� GXULQJVRGLXP� WULSRO\SKRVSKDWH� K\GURO\VLV�� RQ� WKH
RWKHU� KDQG�� WKLV� FRPSRXQG� SOD\V� D� SDUW� RI
FROORLGDO� SDUWLFOH� VWDELOL]LQJ� DJHQW�� 7KH
WHFKQLTXH�HVVHQFH�LV�DV�IROORZV��$W�WKH�ILUVW
VWDJH�� ODQWKDQLGH� �/Q�� FKORULGHV� DUH� PL[HG
ZLWK�733�LQ�3�/Q� ���UDWLR�UHVXOWLQJ�LQ�IRU�

)LJ����� /XPLQHVFHQFH� VSHFWUD� RI� DTXHRXV� FROORLGDO� VROXWLRQV� RI� �D�� &H32��7E��� �+HOLXP�FDGPLXP
ODVHU��OH[F� �����QP����E��/D32��(X����;HQRQ�ODPS��OH[F� �����QP��
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PDWLRQ� RI� /Q��±733� FRPSOH[�� $W� WKH� KHDW�
LQJ� XS� WR� ���&�� D� IUDFWLRQ� RI� 733� K\GUR�
O\]HV�IRUPLQJ�S\URSKRVSKDWH�DQG�RUWKRSKRV�
SKDWH� LRQV�� VRPH� DPRXQW� RI� XQK\GURO\]HG
VRGLXP� WULSRO\SKRVSKDWH� EHLQJ� UHPDLQHG� LQ
WKH�VROXWLRQ��WRR��2UWKRSKRVSKDWH�LRQ�UHDFWV
ZLWK�/Q���LRQ�IRUPLQJ�LQVROXEOH�/Q32���7KHIXUWKHU� FOXVWHUL]DWLRQ� RI� /Q32�� PROHFXOHVUHVXOWV�LQ�IRUPDWLRQ�RI�QDQRSDUWLFOHV�FRDWHG
ZLWK� SRO\SKRVSKDWH� PROHFXOHV� SOD\LQJ� WKH
SDUW�RI�VWDELOL]LQJ�OD\HU�IRU�WKRVH�SDUWLFOHV�
7KHQ��WKH�FU\VWDO�SKDVH�LV�IRUPHG�LQVLGH�WKH
SRO\SKRVSKDWH� VKHOO�� WKH� SUHVHQFH� WKHUHRI
FDQ� EH� MXGJHG� IURP� DSSHDUDQFH� RI� FKDUDF�
WHULVWLF�OXPLQHVFHQFH�XQGHU�XOWUDYLROHW�LUUD�
GLDWLRQ� RI� WKH� VROXWLRQV� �)LJ������ 7KH� PRVW
LQWHQVH� OXPLQHVFHQFH� ZDV� REVHUYHG� DW� WKH
DFWLYDWRU� FRQFHQWUDWLRQ� RI� ��� PRO��� IRU
&H32��7E���� ZKLOH� IRU� /D32��(X���� (X��FRQFHQWUDWLRQ� LQ� WKH� ��Ü��� PRO��� UDQJH
KDV�QRW�YLVXDOO\�LQIOXHQFHG�WKH�UHG�OXPLQHV�
FHQFH� LQWHQVLW\� XQGHU� ZLGHEDQG� XOWUDYLROHW
H[FLWDWLRQ���

'XULQJ� WKH� UHDFWLRQ�� WKH� VROXWLRQ� S+
YDOXH� GHFUHDVHV�� WKDW� LQIOXHQFHV� QHJDWLYHO\
RQ� WKH� FU\VWDO� SKDVH� IRUPDWLRQ� UDWH�� ,W�KDV
EHHQ� GHWHUPLQHG� LQ� H[SHULPHQW� WKDW� ZKHQ
WKH� UHDFWLRQ� PL[WXUH� S+� LV� FRQWUROOHG� DQG
PDLQWDLQHG�DW�WKH����Ü����OHYHO��D�FRQVLGHU�
DEOH�DFFHOHUDWLRQ�RI�FU\VWDO�ILHOGV�IRUPDWLRQ
WDNHV�SODFH��$OVR�WKH�UHDFWLRQ�WLPH�GHFUHDVH
IURP���KRXUV�>�@�WR����PLQXWHV�LQ�RXU�FDVH�
$IWHU�WKH�V\QWKHVLV� LQ�DTXHRXV�FROORLGDO�VR�
OXWLRQV�� WKH� LPSXULWLHV�RI�VRGLXP��FKORULQH�
S\URSKRVSKDWH� DQG� XQUHDFWHG� WULSRO\SKRV�
SKDWH�LRQV�UHPDLQ�LQ�WKH�PHGLXP�DORQJ�ZLWK
IRUPHG�QDQRSDUWLFOHV��7KH� LPSXULWLHV� LQIOX�
HQFH� FRQVLGHUDEO\� WKH� V\VWHP� VWDELOLW\� DQG
LWV� RSWLFDO� SURSHUWLHV�� 7KHUHIRUH�� DIWHU� WKH
V\QWKHVLV�� WKH� VROXWLRQV�ZHUH�SXULILHG� IURP
LPSXULWLHV� E\�GLDO\VLV� RQ� WKH�GLDO\VLV�PHP�
EUDQHV� �FXW�RII� ��� N'��� 7KH� SXULILFDWLRQ
SURFHVV� ZDV� PRQLWRUHG� E\� PHDVXULQJ� WKH

HOHFWURFRQGXFWLYLW\�RI�WKH�GLDO\]DWH�IORZLQJ
WKURXJK� WKH� FHOO� ZLWK� SODWLQXP� HOHFWURGHV�
$TXHRXV� FROORLGDO� VROXWLRQV� RI�&H32��7E���/D32��(X���QDQRFU\VWDOV�KDYH�EHHQ�REWDLQHGWKDW�DUH�VWDEOH�IRU�PRUH�WKDQ���PRQWKV��7KH
VROXWLRQV�DUH�WUDQVSDUHQW�LQ�WKH�WUDQVPLWWHG
OLJKW� �)LJ����� DQG� VKRZ� D� ZHDN� RSDOHVFHQFH
LQ�WKH�VLGH�OLJKW��7\QGDOO�FRQH���:KHQ�SDVV�
LQJ�WKH�H[FLWLQJ�OLJKW�EHDP�WKURXJK�WKH�VR�
OXWLRQV��DQ�LQWHQVH�OXPLQHVFHQFH�LV�REVHUYHG
DFFRUGLQJ� WR� WKH� DFWLYDWRU� LRQ� QDWXUH� Û
JUHHQ� IRU� 7E��� �OPD[� RI� WKH� PRVW� LQWHQVH
EDQG�����QP��DQG�UHG�IRU�(X����OPD[�RI�WKHPRVW�LQWHQVH�EDQG�����QP���7KH�VROLG�SKDVH
FRQFHQWUDWLRQ� LQ� WKH� VROXWLRQV� DPRXQWV� WR
����J�O��8VLQJ�WKH�YDFXXP�HYDSRUDWLRQ��WKH
FRQFHQWUDWLRQ� FDQ�EH� LQFUHDVHG�E\�RQH�GHFL�
PDO� RUGHU�� EXW� WKH� VROXWLRQ� VWDELOLW\� GH�
FUHDVHV�DW�WKH�VDPH�WLPH��

8VLQJ� 7(0�� GLPHQVLRQV� RI� SDUWLFOHV� LQ
DTXHRXV� VROXWLRQV� KDYH� EHHQ� GHWHUPLQHG
�)LJ������$V� LW� LV� VHHQ� IURP�WKH�)LJXUH�� WKH
SDUWLFOHV�DUH�SRO\GLVSHUVH�DQG�KDYH�DYHUDJH
VL]H�RI����r����QP��'LPHQVLRQV�RI�SDUWLFOHV
UHPDLQ�XQFKDQJHG� IRU�PRUH� WKDQ���PRQWKV
GXH� WR� SRO\SKRVSKDWH� VKHOO� VWDELOL]LQJ� WKH
V\VWHP��7KH�GLIIUDFWLRQ�SDWWHUQ�IRU�WKH�SDU�
WLFOHV� FRUUHVSRQGV� WR� WKH� FU\VWDO�OLNH� VROLG
SKDVH�VWUXFWXUH��7R�VWXG\�WKH�FU\VWDO�VWUXF�
WXUH� RI� SUHFLSLWDWHV� REWDLQHG� DIWHU� FROORLGDO
VROXWLRQ� HYDSRUDWLRQ�� WKH� ;�UD\� VFDWWHULQJ
ZDV� XVHG�� ,Q� ZKROH�� WKH� UHVXOWV� FRQIRUP
ZLWK� GDWD� >���������@� IRU� UKDEGRSKDQH� W\SH
VWUXFWXUH�� +RZHYHU�� WKH� IXUWKHU� FRPSDUD�
WLYH� LQYHVWLJDWLRQV� RI� WKH� VROLG� SKDVH� OXPL�
QHVFHQW�SURSHUWLHV�LQ�WKH�VROXWLRQV�DQG�DIWHU
WKHLU� GU\LQJ� GR� QRW� DOORZ� WR� DVVHUW� ZLWK
VXIILFLHQW� UHOLDELOLW\� WKDW� WKH� SUHFLSLWDWHV
GULHG� HYHQ� LQ� WKH� ORZ�WHPSHUDWXUH� FRQGL�
WLRQV�����&��KDYH�WKH�VDPH�FU\VWDO�VWUXFWXUH
DV�WKH�VROLG�SKDVH�LQ�FROORLGDO�VROXWLRQ�

)LJ����� $EVRUSWLRQ� VSHFWUXP� RI� &H32��7E��FROORLGDO�VROXWLRQ� )LJ����� 7(0� LPDJH� GDWD� IRU� VROLG� SKDVH� RI
&H32��7E���FROORLGDO�VROXWLRQ�
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7KH� S+� YDOXH� RI� REWDLQHG� GLDO\]HG� VROX�
WLRQV�FKDQJHV� LQ� WKH�UDQJH�RI����Ü�����WKDW
FRUUHVSRQGV� WR� WKH� QRUPDO� YDOXH� RI� S+� IRU
ELRORJLFDO� V\VWHPV�� :KHQ� PRQLWRULQJ� WKH
HOHFWURSKRUHVLV�� LW� ZDV� REVHUYHG� ZDV� WKH
PRYHPHQW� RI� ERXQGDU\� EHWZHHQ� VRO� DQG
EXIIHU�VROXWLRQ�WRZDUGV�WKH�DQRGH��WKXV�HYL�
GHQFLQJ� WKDW� WKH� SDUWLFOHV� LQ� WKH� VROXWLRQ
DUH� FKDUJHG� QHJDWLYHO\�� 7KH� VWXG\� RI� WR[LF
DFWLRQ�RI�REWDLQHG�VROXWLRQV�VKRZV�WKDW�VROX�
WLRQV� ZLWK� VROLG� SKDVH� FRQFHQWUDWLRQ� XS� WR
���PJ�/�GR�QRW�SRVVHVV�DQ\�WR[LF�DFWLRQ�RQ
WKH� KHSDWRF\WH� FHOOV�� 7KH�PDUURZ� FHOO� ZHUH
VWDEOH� WR� WKH� FRQFHQWUDWLRQV� XS� WR
����PJ�/�

7KXV�� WKH� FRQVLGHUHG� SUHSDUDWLRQ� WHFK�
QLTXH� RI� DFWLYDWHG� QDQRFU\VWDOV� SHUPLW� HQ�
DEOHV�WKH�SUHSDUDWLRQ�RI��DTXHRXV�QDQRSKRV�
SKRU� VROXWLRQ� ZLWKRXW�PDNLQJ� XVH� RI� KLJK�
WHPSHUDWXUH� FRQGLWLRQV� DQG� WR[LF
SUHFXUVRUV�� 7KH� DEVHQFH� RI� WR[LFLW\� LQ� WKH
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