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6LOLFD�QDQRSDUWLFOHV�DUH�RI�JUHDW� LQWHUHVW
LQ� WKH� ILHOG� RI� QDQRWHFKQRORJ\� DQG� QDQR�
FKHPLVWU\� GHYHORSPHQW� >����@�� 7KH� VLOLFD
QDQRSDUWLFOHV�PRGLILHG�ZLWK�FDWLRQLF�VXUIDF�
WDQW�PROHFXOHV�DUH�ZLGHO\�XVHG�IRU�FUHDWLQJ
D�QXPEHU�RI�IXQFWLRQDO�PDWHULDOV�>���@��)RU
H[DPSOH�� WKH� VRO�JHO� PDWUL[HV� REWDLQHG� RQ
WKH� EDVLV� RI� WHWUDHWKR[\VLODQH� DQG� VXUIDF�
WDQW�� VKRZ� QXPHURXV� IDYRUDEOH� SURSHUWLHV
>����@�� IXUWKHUPRUH�� WKH� XVH� RI� VLOLFD�PRGL�
ILHG�ZLWK� VXUIDFWDQW� SURYLGHV� WKH� V\QWKHVLV
RI� ELRPDUNHUV� >�@�� +RZHYHU�� PDQ\� SURSHU�
WLHV� RI� WKH� VLOLFD� QDQRSDUWLFOHV� VXUIDFH
FRDWHG� ZLWK� VXUIDFWDQW� PROHFXOHV� KDYH� QRW
\HW� EHHQ� FODULILHG�� 7KH� LQWHUDFWLRQ� EHWZHHQ
FDWLRQLF� VXUIDFWDQWV� DQG� VLOLFD� VXUIDFH� LV
ZHOO�PDQLIHVWHG�>�Ü��@��EXW�WKH�FKDUDFWHU�RI
VWUXFWXUHV� IRUPHG� E\� VXUIDFWDQW� RQ� WKH
6L2��ZDWHU� LQWHUIDFH� LV� VWLOO� LQ� TXHVWLRQ�7KDW�LV�ZK\�WKH�SXUSRVH�RI�WKH�SUHVHQW�ZRUN

ZDV� WR� LQYHVWLJDWH� WKH� VLOLFD� QDQRSDUWLFOHV
FRDWHG�ZLWK� VXUIDFWDQW� DGOD\HU� �SUHVXPDEO\
ELOD\HU��DQG�WR�ILQG�RXW�ZKHWKHU�WKHVH�PRGL�
ILHG�VSHFLHV�UHVHPEOH�WKH�VXUIDFWDQW�PLFHOOHV
LQ� DIIHFWLQJ� WKH� VWDWH� RI� IOXRUHVFHQW� G\H
����GLFKORURIOXRUHVFHLQ�� 7KH� ODWWHU� ZDV� DO�
UHDG\� XVHG� EHIRUH� DV� D� SUREH� IRU� FDWLRQLF
PLFHOOHV�� 6XFK� PRGLILHG� QDQRSDUWLFOHV� FDQ
EH�XVHG�IRU�FUHDWLRQ�RI�VHQVRU�GHYLFHV�

:H� KDYH� VWXGLHG� WKH� VXUIDFH� RI� ��� QP
GLDPHWHU�6L2��QDQRSDUWLFOHV��LQ�GULHG�VWDWH��FRDWHG�ZLWK�FHW\O� WULPHWK\ODPPRQLXP�LRQV�
DV� D� PHGLXP� IRU� SURWRO\WLF� UHDFWLRQV� ZLWK
����GLFKORURIOXRUHVFHLQ� XVHG� DV� WHVWLQJ� UH�
DJHQW�� ,Q� WKH� H[SHULPHQWV�� D� VSHFLDO� DWWHQ�
WLRQ�ZDV�SDLG� WR� WKH� FKRLFH� RI� V\VWHP�FRP�
SRVLWLRQ�� IRU� D� FRDJXODWLRQ� RI� FROORLGDO� VRO
DQG� WKH� IRUPDWLRQ� RI� FRPPRQ� VXUIDFWDQW
PLFHOOHV�LQ�EXON�SKDVH�LV�SRVVLEOH��7KH�VLOLFD
VXUIDFH� VWDWH� LV�NQRZQ� WR�GHSHQG�RQ�S+�RI
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VROXWLRQ�>�@��6LQFH�LWV�]HUR�FKDUJH�SRLQW�LV�DW
S+� a��� WKH� VXUIDFWDQW� DGOD\HU� PD\� EH� DO�
WHUHG�� DQG� WKLV� IDFW� ZDV� WDNHQ� LQWR� FRQVLG�
HUDWLRQ�LQ�WKH�H[SHULPHQWDO�GDWD�SURFHVVLQJ�
2QH�VKRXOG�DOVR�NHHS�LQ�PLQG�WKH�FKDQJH�LQ
GLVVRFLDWLRQ� RI� VLOLFD� VXUIDFH� VLODQRO� JURXSV
ZKHQ� D� VXUIDFWDQW� LV� SUHVHQW� LQ� WKH� V\VWHP
XQGHU�VWXG\�

&HW\O� WULPHWK\ODPPRQLXP� EURPLGH
�&7$%�� 6LJPD�$OGULFK�� ��� �� SXULW\�� ZDV
XVHG�DV�FRPPHUFLDOO\�REWDLQHG��6RGLXP�FKOR�
ULGH�� DTXHRXV� K\GURFKORULF�� SKRVSKRULF�� DQG
DFHWLF� DFLGV� ZHUH� RI� DQDO\WLFDO� SXULW\� JUDGH�
����'LFKORURIOXRUHVFHLQ�ZDV� XVHG� DV� FRPPHU�
FLDOO\� REWDLQHG�� $EVROXWH� HWKDQRO� ZDV� SUH�
SDUHG� XVLQJ� D� VWDQGDUG� SURFHGXUH�� $TXHRXV
1D2+�VWRFN�VROXWLRQ�ZDV�NHSW�SURWHFWHG�IURP
FDUERQ� GLR[LGH�� 7HWUDHWKR[\VLODQH� �7(26�
6XUHO�� ��� �� SXULW\��� DQG� DPPRQLD� VROXWLRQ
IRU�FROORLGDO�V\QWKHVLV�ZHUH�XVHG�ZLWKRXW�DG�
GLWLRQDO�SXULILFDWLRQ�

7KH� 89�9,6� DEVRUSWLRQ� VSHFWUD� ZHUH
PHDVXUHG� XVLQJ� 63���� DQG� +LWDFKL� 8�����
VSHFWURSKRWRPHWHUV��)OXRUHVFHQFH�ZDV�PHDV�
XUHG� ZLWK� D� +LWDFKL� )������ IOXRUHVFHQFH
VSHFWURSKRWRPHWHU�� 7KH� S+� YDOXHV� ZHUH
PHDVXUHG� DW� ����r����&� ZLWK� WKH� VWDQGDUG
GHYLDWLRQ� RI� r�����Ü������ XVLQJ� D� 3� ����
SRWHQWLRPHWHU� DQG� D� S+����� S+�PHWHU
HTXLSSHG�ZLWK�DQ�(6/�������JODVV�HOHFWURGH
DQG�DQ�$J�$J&O�UHIHUHQFH�HOHFWURGH�LQ�D�FHOO
ZLWK�OLTXLG�MXQFWLRQ����0�.&O���7KH�FHOO�ZDV
FDOLEUDWHG� XVLQJ� VWDQGDUG� EXIIHUV� �S+� 
������ ������ ������ DQG� ������� (OHFWURQ� PL�
FURVFRS\�LPDJHV�RI�6L2��VROV��SXUH�DQG�ZLWKVXUIDFWDQW��ZHUH� REWDLQHG�XVLQJ�DQ�(0����
PLFURVFRSH� DW� ���� N9� DFFHOHUDWLQJ� YROWDJH�
7KH�DYHUDJH�SDUWLFOH� VL]H�� VL]H�GLVWULEXWLRQ�
DQG�]�SRWHQWLDO�RI�6L2��VROV�ZHUH�GHWHUPLQHGE\�'\QDPLF�DQG�(OHFWURSKRUHWLF�/LJKW�6FDW�
WHULQJ� �'/6�� (/6�� PHWKRGV� XVLQJ� D� �=HWD
6L]HU�1DQR�=6���0DOYHUQ�LQVWUXPHQW����P:
+H±1H�ODVHU�� ���� QP�� RSWLFDO� ILOWHU� DW� ���
DQG� ���� QP��� $OO� PHDVXUHPHQWV� ZHUH� FDU�
ULHG�RXW� DW����&�XQGHU� WKH������ DQJOH��)RU
DOO� RXU� VDPSOHV�� WKH� IROGHG� FDSLOODU\� FHOOV
�0DOYHUQ� ,QVWU��� ZHUH� XVHG� LQ� WKH� HOHFWUR�
SKRUHWLF� PRELOLW\� VWXG\� DQG� JODVV� FXYHWWHV
WR� PHDVXUH� WKH� VL]H�� 7KH� VFDWWHULQJ� GDWD
ZHUH�DQDO\]HG�E\��&217,1��DOJRULWKP��7KH
K\GURG\QDPLF�GLDPHWHU�ZDV�FDOFXODWHG�IURP
WKH�PHDVXUHG� WUDQVODWLRQDO�GLIIXVLRQ�FRHIIL�
FLHQW�XVLQJ�WKH�6WRNHV�(LQVWHLQ�UHODWLRQVKLS�
7KH� ]�SRWHQWLDO� IRU� DTXHRXV� VXVSHQVLRQ�ZDV
FDOFXODWHG� IURP�HOHFWURSKRUHWLF�PRELOLW\�DF�
FRUGLQJ�WR�WKH�6PROXFKRZVNL�PRGHO��7KH�DS�
SOLHG� YROWDJH� ZDV� VHW� PDQXDOO\� ZLWKLQ� WKH
UDQJH� RI� ��� WR� ����9�XVLQJ� WKH� �'76�����

VRIWZDUH�� ,Q� HYHU\� V\VWHP�� WKH� ]�SRWHQWLDO
YDOXH� ZDV� DQ� DYHUDJH� RI� �� LQGHSHQGHQW
PHDVXUHPHQWV�ZLWK����UXQV�DW�HDFK�YROWDJH
PDJQLWXGH�� 3ULRU� WR� HOHFWURSKRUHWLF� PHDV�
XUHPHQWV�� WKH� V\VWHP� ZDV� FDOLEUDWHG� XVLQJ
WKH� VWDQGDUG� SRO\VW\UHQH� ODWH[� '76����
�0DOYHUQ� ,QVWUXPHQWV� /WG�� 8.�� ZKLFK� KDV
WKH�]�SRWHQWLDO�YDOXH�RI�Ü���r���P9��7KH�]�
SRWHQWLDO�HUURU�ZDV�DSSUR[LPDWHO\���WR�����
GHSHQGLQJ� RQ� WKH� VXUIDFWDQW� FRQFHQWUDWLRQ
LQ�WKH�V\VWHP�

7KH� VWRFN� VROXWLRQ� RI� ����GLFKORURIOXR�
UHVFHLQ� ZDV� SUHSDUHG� XVLQJ� ZDWHU� DV� VRO�
YHQW�� ZLWK� DGGLWLRQ� RI� VPDOO� DPRXQWV� RI
1D2+�� 7KH� VWRFN� 6L2�� VRO� ZDV� GLOXWHG� VRWKDW� WKH� ZRUNLQJ� FRQFHQWUDWLRQ� ZDV� ����� J
6L2�� SHU� GP��� 6XLWDEOH� S+� YDOXHV� RI� WKH
ZRUNLQJ� VROXWLRQV� XVHG� IRU� 9,6�VSHFWUR�
VFRSLF� S.DD� GHWHUPLQDWLRQV� ZHUH� SURYLGHG
XVLQJ�DFHWDWH�DQG�SKRVSKDWH�EXIIHUV�DV�ZHOO
DV� VROXWLRQV�RI�K\GURFKORULF�DFLG�RU� VRGLXP
K\GUR[LGH�� 7KH� LRQLF� VWUHQJWK�� ,�� RI� VROX�
WLRQV� ZDV� PDLQWDLQHG� FRQVWDQW� E\� DGGLQJ
1D&O� VROXWLRQ�� $OO� WKH� VROXWLRQV� ZHUH� SUH�
SDUHG� DQG� PHDVXUHPHQWV� ZHUH� PDGH� DW
���&��7KH�DEVRUSWLRQ�DQG�IOXRUHVFHQFH�VSHF�
WUD�ZHUH�PHDVXUHG� LQ�FHOOV�ZLWK�WKH�DEVRUE�
LQJ� OD\HU� OHQJWK�RI��� FP� LQ� WKH�FDVH�RI�DE�
VRUSWLRQ� VSHFWUD� DQG� �� FP� IRU� IOXRUHVFHQFH
PHDVXUHPHQWV�� 7KH� G\H� FRQFHQWUDWLRQ� LQ
ZRUNLQJ� VROXWLRQV� ZDV� ZLWKLQ� WKH� UDQJH
IURP�������Ü��WR�������Ü��0�

7KH� VWRFN� VRO� RI� FROORLGDO� VLOLFD� ZDV� RE�
WDLQHG�E\�7(26�K\GURO\VLV�LQ�DEVROXWH�HWKD�
QRO��ZLWK�DPPRQLD�DV�FDWDO\VW��DFFRUGLQJ�WR
SURFHGXUH� GHVFULEHG� LQ� OLWHUDWXUH� >��@�
ZKHUH� WKH� LQIOXHQFH� RI� UHDFWLRQ� PL[WXUH
FRPSRVLWLRQ� RQ� WKH� SDUWLFOH� GLDPHWHU� ZDV
GLVFXVVHG�

�$V�PHQWLRQHG�DERYH��WKH�SUHVHQW�ZRUN�LV
DLPHG�DW�LQYHVWLJDWLRQ�RI�WKH�VLOLFD�QDQRSDU�
WLFOHV�FRDWHG�ZLWK�VXUIDFWDQW�PROHFXOHV��WKDW
LV��ZK\�LW�ZDV�LPSRUWDQW�WR�FRPPHQFH�ZLWK
WKH�VWXG\�RI�RSWLFDO�SURSHUWLHV�ERWK�RI�VWRFN
VRO� DQG� RI� V\VWHP� FRQWDLQLQJ� VXUIDFWDQW�
7KH� V\VWHP� FRPSRVLWLRQ� ZDV� FKRVHQ� WR� EH
�����J� 6L2�� SHU� GP�� DQG� ����Ü�� 0� &7$%
������P0�&7$%�SHU���J�6L2���EDVLQJ�RQ�WKHUHDVRQV� WR� EH� GLVFXVVHG� EHORZ�� 7KH� HWKDQRO
FRQFHQWUDWLRQ�LQ�ZRUNLQJ�VROXWLRQV�ZDV�QHJ�
OLJLEOH� �DERXW������YRO������ ,Q� RUGHU� WR�GH�
WHUPLQH� WKH� DYHUDJH� SDUWLFOH� VL]H�� WKH� HOHF�
WURQ�PLFURVFRS\�DQG�'/6�PHWKRG�ZHUH�XVHG�

$V�VKRZQ�E\�HOHFWURQ�PLFURVFRS\�LPDJHV�
6L2�� QDQRSDUWLFOHV� LQ� WKH� VWRFN� VRO� DUHKLJKO\� XQLIRUP� ZLWK� DYHUDJH� GLDPHWHU� RI
��r��QP��)LJ������2QH�VKRXOG�WDNH�LQWR�FRQ�

(�<X�%U\OHYD�HW�DO����7KH�SURSHUWLHV�RI�VLOLFD����
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VLGHUDWLRQ� WKDW� HOHFWURQ� PLFURVFRS\� LPDJHV
ZHUH�REWDLQHG�IRU�GULHG�VDPSOHV�

0RUHRYHU�� WKH� V\VWHP� VKRZV� QR� VLJQV� RI
FRDJXODWLRQ�ZKHQ�FHUWDLQ�DPRXQW�RI�VXUIDF�
WDQW�LV�DGGHG��

7KH� '/6� H[SHULPHQWV� GHPRQVWUDWH� WKDW
6L2�� QDQRSDUWLFOHV� LQ� VROXWLRQ� KDYH� WKH� DY�HUDJH� GLDPHWHU� RI� ��� QP�� ,Q� WXUQ�� WKH
QDQRVL]HG�SDUWLFOHV��SUHVXPDEO\�FRDWHG�ZLWK
VXUIDFWDQW�� KDYH� DYHUDJH� GLDPHWHU� RI� ���Ü
���� QP� �)LJ������ 2QH� VKRXOG� PHQWLRQ� WKDW
QRW� RQO\�&7$%�DGGLWLRQ� UHVXOWV� LQ� VXFK� LQ�
FUHDVH� RI� SDUWLFOH� GLDPHWHU�� 7KLV� HIIHFW� LV
EURXJKW� E\� HQKDQFHG� K\GUDWLRQ� RI� WKH� VXU�
IDFWDQW� FRDWHG� VLOLFD� QDQRSDUWLFOHV� �K\GUR�
VSKHUH�IRUPDWLRQ��

$Q� HVVHQWLDO� GLIILFXOW\� LQ� VWXG\LQJ� WKH
DGOD\HU�IRUPDWLRQ�LV�GXH�WR�SRVVLEOH�FRH[LV�
WHQFH� RI� FRPPRQ� VXUIDFWDQW� PLFHOOHV� DQG
PRGLILHG�VLOLFD�QDQRSDUWLFOHV�LQ�EXON�ZDWHU�
7KHUH�DUH�VHYHUDO�UHDVRQV�DOORZLQJ�XV�WR�QH�
JOHFW� WKLV� SRVVLEOH� HIIHFW�� )LUVW�� WKH� &7$%
FRQFHQWUDWLRQ� LQ�ZRUNLQJ�VROXWLRQV� LV� ORZHU
WKDQ� &0&� �FULWLFDO� PLFHOOH� FRQFHQWUDWLRQ�
a��Ü��0�LQ�HOHFWURO\WH�IUHH�VXUIDFWDQW�VROX�
WLRQ��� GHVSLWH� WKH� IDFW� WKDW� LW� PD\� EH� GH�
FUHDVHG� LQ� WKH� SUHVHQFH� RI� VDOW�� )XUWKHU�
PRUH��'/6�GDWD�VKRZ�WKDW�QR�RWKHU� VXUIDF�
WDQW� DJJUHJDWHV� H[LVWHG� LQ� VROXWLRQ� H[FHSW
IRU� VXUIDFWDQW�FRDWHG� VLOLFD� QDQRSDUWLFOHV�
)LQDOO\��DFFRUGLQJ�WR�OLWHUDWXUH�GDWD�>�@��WKH
DGVRUSWLRQ� SURFHVV� GRPLQDWHV� LQ� VXFK� V\V�
WHPV��FRQVHTXHQWO\��DOO�&7$%�PROHFXOHV�DUH
VSHQW� IRU� ELOD\HU� IRUPDWLRQ� DQG� WKH� SUHV�
HQFH�RI�IUHH�PLFHOOHV�LV�KDUGO\�H[SHFWHG�

2QH� RI� WKH� PRVW� LPSRUWDQW� SUREOHPV� LQ
RXU� UHVHDUFK� ZDV� WR� HVWLPDWH� DQG� VWDQG�
DUGL]H� WKH�FRQFHQWUDWLRQ�RI�6L2�� QDQRSDUWL�FOHV� LQ� WKH� V\VWHP�� $FFRUGLQJ� WR� OLWHUDWXUH
GDWD� >��@�� WKH� UHDFWLRQ�RI� WHWUDHWKR[\VLODQH
K\GURO\VLV� RFFXUV�ZLWK�������\LHOG�� VR� WKH
QXPHULFDO�FRQFHQWUDWLRQ�RI�6L2��SDUWLFOHV�LQWKH�VWRFN�VRO�LV�NQRZQ��,Q�RXU�VWXG\��LW�ZDV
FD�����������GPÜ���7KHVH�QDQRVL]HG�SDUWLFOHV
DUH�VSKHULFDO�DQG�WKHLU�DYHUDJH�YROXPH�DQG
PDVV�FRQFHQWUDWLRQ�PD\�EH�HDVLO\�FDOFXODWHG
��������Ü���GP��DQG������J�SHU�GP���UHVSHF�
WLYHO\��

7KH�YDOXHV�RI�]�SRWHQWLDO�UHIOHFW�WKH�6L2�VXUIDFH� FRQGLWLRQ� ERWK� LQ� SXUH� VRO� DQG� LQ
V\VWHP� FRQWDLQLQJ� D� FHUWDLQ� DPRXQW� RI
&7$%��$V�VKRZQ�E\�]�SRWHQWLDO�GLVWULEXWLRQ
GDWD��IRU�SXUH�VRO�LWV�YDOXH�KDV�WKH�RUGHU�RI
Ü��r��P9��$GGLWLRQ�RI�&7$%�FRQFHQWUDWLRQ

)LJ�����(OHFWURQ�PLFURVFRS\�LPDJHV�RI�D��SXUH�VRO�QDQRSDUWLFOHV�DQG�E��&7$%�PRGLILHG�QDQRSDUWLFOHV�

)LJ�����7KH�]�SRWHQWLDO�����DQG�SDUWLFOH�GLDPH�
WHU�����RI�VLOLFD�YV�&7$%�FRQFHQWUDWLRQ��

(�<X�%U\OHYD�HW�DO����7KH�SURSHUWLHV�RI�VLOLFD����

��� )XQFWLRQDO�PDWHULDOV�������������



IURP�����P0�XS�WR�����P0�UHVXOWV� LQ� VXU�
IDFH� UH�FKDUJLQJ�� DQG� ]�SRWHQWLDO� LQFUHDVHV
XS� WR����r��P9� �)LJ������7KHVH�UHVXOWV�DUH
FRQVLVWHQW� ZLWK� SUHYLRXV� VWXGLHV� RI� VLOLFD
SDUWLFOHV�LQ�V\VWHPV�FRQWDLQLQJ�FDWLRQLF�VXU�
IDFWDQW�>�@��7KH�LQWHUDFWLRQ�RI�VLOLFD�VXUIDFH
ZLWK� &7$%� PROHFXOHV� LV� GHVFULEHG� DV� IRO�
ORZV��7KH�VXUIDFWDQW�PRQROD\HU�IRUPDWLRQ�LV
GHILQHG�E\�HOHFWURVWDWLF� LQWHUDFWLRQ�EHWZHHQ
WKH� SRVLWLYHO\� FKDUJHG� VXUIDFWDQW� KHDG�
JURXSV�DQG�VXUIDFH�VLODQRO�JURXSV��7KH�GULY�
LQJ� IRUFH� RI� WKH� VHFRQG� OD\HU� IRUPDWLRQ� LV
K\GURSKRELF� LQWHUDFWLRQ� EHWZHHQ� VXUIDFWDQW
WDLOV��7KHUH�DUH�VHYHUDO�PRGHOV�GHVFULELQJ�WKLV
SURFHVV� LQFOXGLQJ� UHYHUVH� RULHQWDWLRQ� PRGHO�
ELOD\HU��DQG�VPDOO�PLFHOOH�PRGHOV�>����@�

2YHU� DQG� DERYH�� VLOLFD� FROORLGDO� VROV� DUH
NQRZQ� WR� FRDJXODWH� ZKHQ� &7$%� DPRXQW� LV
LQVXIILFLHQW� WR� IRUP� VSHFLHV� O\RSKLOL]HG
HQRXJK�>�@��7R�ILQG�DQ�RSWLPDO�V\VWHP�FRP�
SRVLWLRQ�� L�H�� FRQGLWLRQV� ZKHUH� WKLV� SKH�
QRPHQRQ� LV�QRW�REVHUYHG��ZH�SHUIRUPHG�VH�
ULHV� RI� FRUUHVSRQGLQJ� H[SHULPHQWV�� :KHQ
6L2�� FRQFHQWUDWLRQ� LV� QHDU� WR� ����� J� SHUGP�� DQG� VXUIDFWDQW� FRQFHQWUDWLRQ� QHDU� WR
����Ü�� 0�� QR� YLVLEOH� FKDQJHV� RFFXU�� $Q� LQ�
FUHDVH�LQ�&7$%�FRQFHQWUDWLRQ�XS�WR�����Ü��0
UHVXOWV� LQ� UDSLG� FRDJXODWLRQ� RI� VRO� GXH� WR
ERWK�QHXWUDOL]DWLRQ�DQG�K\GURSKREL]DWLRQ�RI
WKH� FKDUJHG� VXUIDFH�� )XUWKHU� DGGLWLRQ� RI
FDWLRQLF� VXUIDFWDQW� �XS� WR� ����Ü��0�� VWDEL�
OL]HV�WKH�V\VWHP��7KLV�IDFW�LV�OLNHO\�WR�EH��DV
ILUVW� DSSUR[LPDWLRQ�� WKH� UHVXOW� RI� ELOD\HU
IRUPDWLRQ� DFFRUGLQJ� WR� ZHOO�GHVFULEHG� GLV�
SHUJDWLRQ�FRDJXODWLRQ�UH�GLVSHUJDWLRQ� VH�
TXHQFH� >�Ü��@��:LWK�&7$%�SUHVHQW� LQ�VROX�
WLRQ�� VXFK� V\VWHP� UHPDLQV� VWDEOH� ZKHQ� DQ
HOHFWURO\WH� �1D&O�� LV� DGGHG� XQWLO� LRQLF
VWUHQJWK� LV� OHVV� WKDQ� ����Ü����� 0�� 1RWH
WKDW� WKH� GHJUHH� RI� &7$%� GLVVRFLDWLRQ� LQ
PLFHOOHV�LV�TXLWH�ORZ�DQG�D�FRQVLGHUDEOH�SDUW

RI�FRXQWHULRQV�UHPDLQV� LQ�6WHUQ�OD\HU��7DN�
LQJ� LQWR� DFFRXQW� WKH� VXUIDFH� DUHD� RI
QDQRSDUWLFOHV� DQG� DUHD� RFFXSLHG� E\� RQH
&7$%�KHDGJURXS��������QP���>��@��ZH�KDYH
HVWLPDWHG� WKH� 6L2��&7$%� UDWLR� QHFHVVDU\IRU� ELOD\HU� IRUPDWLRQ�� ,W� LV� DV� IROORZV�
�����J�6L2��SHU�GP��DQG�����Ü��0�&7$%�RU
����� P0� &7$%� SHU� �� J� 6L2��� 2XU� UHVXOWVDUH� LQ� JRRG� DJUHHPHQW� ZLWK� WKRVH� REWDLQHG
E\� :DQJ� HW� DO�� >�@�� ZKR� UHSRUWHG� WKDW� EL�
OD\HU�KDG�EHHQ�IRUPHG�ZKHQ�WKH�&7$%�FRQ�
FHQWUDWLRQ�ZDV�|��P0�SHU�J�6L2�� �ZLWK�DY�HUDJH�SDUWLFOH� GLDPHWHU� LQ�GULHG� VWDWH����Ü
����QP���7KH�SRURVLW\�DQG�IUDFWDO�VWUXFWXUH
RI� VXFK� FROORLGDO� VSHFLHV� VKRXOG� DOVR� EH
QRWHG� >�@�� VLQFH� WKH� FDOFXODWHG� &7$%
DPRXQW� PD\� QRW� EH� VXIILFLHQW� IRU� ELOD\HU
IRUPDWLRQ��7KH�S.D�YDOXH�RI�VXUIDFH�VLODQROJURXSV��6L2+��FDQ�EH�DIIHFWHG�E\�VXUIDFWDQW�
DQG�WKLV�IDFW�KDV�EHHQ�WDNHQ�LQWR�FRQVLGHUD�
WLRQ�HLWKHU�

� 7KH� VSHFWUDO� SURSHUWLHV� RI� IOXRUHVFHLQ
DQG�LWV�GHULYDWLYHV�DUH�YHU\�VHQVLWLYH�WR�PL�
FURHQYLURQPHQW�QDWXUH� >��Ü��@��7KXV��FRP�
SDULQJ� WKH� DEVRUSWLRQ�� IOXRUHVFHQFH� DQG�H[�
FLWDWLRQ� VSHFWUD� RI� WKH� GLDQLRQ� LQ� V\VWHPV
FRQWDLQLQJ� VLOLFD� DQG� &7$%� DV� ZHOO� DV� LQ
VXUIDFWDQW� VROXWLRQV� SURYLGHV� WKH� LQIRUPD�
WLRQ� RQ� PRUSKRORJ\� RI� VXUIDFWDQW� ELOD\HU�
7KH�NH\�TXHVWLRQ�RI�RXU�UHVHDUFK�LV�ZKHWKHU
WKHVH�PRGLILHG�VLOLFD�QDQRSDUWLFOHV�UHVHPEOH
WKH�FRPPRQ�VXUIDFWDQW�PLFHOOHV�LQ�WKH�YLHZ
RI�DIIHFWLQJ�WKH�DFLG�EDVH�HTXLOLEULXP�RI�WKH
G\H��DWWDFKHG�WR�VXUIDFWDQW�FRDWHG�VLOLFD��

$EVRUSWLRQ�� IOXRUHVFHQFH� DQG� H[FLWDWLRQ
VSHFWUD� RI� ����GLFKORURIOXRUHVFHLQ� GLDQLRQ
�,���&KDUW����DUH�SUHVHQWHG�LQ�)LJXUH���

7KHUH�DUH�FHUWDLQ�GLIIHUHQFHV�EHWZHHQ�WKH
V\VWHPV�FRQWDLQLQJ�PRGLILHG�VLOLFD�QDQRSDU�
WLFOHV�DQG�VXUIDFWDQW�VROXWLRQV��HVSHFLDOO\�LQ
IOXRUHVFHQFH� DQG� H[FLWDWLRQ� VSHFWUD�� 7KXV�

)LJ����� D��$EVRUSWLRQ�� E�� H[FLWDWLRQ� DQG� F�� IOXRUHVFHQFH� VSHFWUD� RI� ����GLFKORURIOXRUHVFHLQ� GLDQLRQ
�S+� �������,� ������0��FG\H� ���������Ü��0���LQ�ZDWHU������LQ�WKH�SUHVHQFH�RI�QDQRSDUWLFOHV������LQ
WKH� V\VWHP� FRQWDLQLQJ� ����� P0� &7$%� SHU� �� J�6L2�� ����� LQ� ����Ü��0� &7$%� VROXWLRQ� ����� LQ� WKH
V\VWHP� FRQWDLQLQJ� ����� P0� &7$%� SHU� �� J� 6L2�� ����� LQ� ����Ü�� 0� &7$%� VROXWLRQ� ����� LQ� &7$%PLFHOODU�VROXWLRQ������
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H[FLWDWLRQ�VSHFWUD�RI�����GLFKORURIOXRUHVFHLQ
LQ�VROXWLRQV�FRQWDLQLQJ�����Ü��0�&7$%�KDYH
ORZ� LQWHQVLWLHV� DV� FRPSDUHG� WR� WKH� V\VWHP
XQGHU�LQYHVWLJDWLRQ�DQG�&7$%�PLFHOOHV��7KH
VDPH� HIIHFW� KDV� EHHQ� REVHUYHG� IRU� IOXRUHV�
FHQFH� VSHFWUD�� ,Q� DOO� FDVHV�� WKH� GLIIHUHQFHV
EHWZHHQ� VSHFWUDO� SURSHUWLHV� RI� WKH� G\H� LQ
ZDWHU� DQG� LQ� VROXWLRQ�� FRQWDLQLQJ� 6L2��ZHUH� LQFRQVLGHUDEOH�� (YLGHQWO\�� WKH� LQWHU�
IDFLDO� DGOD\HU� LV� IRUPHG� LQ� WKH�V\VWHP�FRQ�
WDLQLQJ� ����� J�6L2�� SHU� GP�� DQG� ����Ü��0
&7$%� ������ P0� &7$%� SHU� �� J� 6L2���� EXWWKH� VXUIDFWDQW�FRDWHG� VLOLFD� QDQRSDUWLFOH
GRHV�QRW�EHKDYH�SDUWLFXODUO\�OLNH�VXUIDFWDQW
PLFHOOH�� :KHQ� &7$%� FRQFHQWUDWLRQ� LV� UH�
GXFHG��WKH�VXUIDFWDQW�DGOD\HU�GRHV�QRW�VHHP
WR� EH� FRPSOHWHG� DQG� IRUPDWLRQ� RI� G\H�VXU�
IDFWDQW� DJJUHJDWHV� DGVRUEHG� RQWR� WKH� VLOLFD
VXUIDFH�WDNHV�SODFH�

7KH�VLOLFD�QDQRSDUWLFOHV�FRDWHG�ZLWK�VXU�
IDFWDQW�DGOD\HU�ZHUH� H[SHFWHG� WR� DIIHFW� WKH
G\H� VWDWH� LQ�D�PDQQHU� OLNH� WKDW�RI� FRPPRQ
VXUIDFWDQW�PLFHOOHV��,Q�RUGHU�WR�FRQILUP�WKLV
VXSSRVLWLRQ�� ZH� H[DPLQHG� WKH� DFLG�EDVH
HTXLOLEULXP� RI� ����GLFKORURIOXRUHVFHLQ� LQ
WKH�V\VWHP�FRQWDLQLQJ������J�6L2�� SHU�GP�
DQG�����Ü��0�&7$%�

7KH� LRQL]DWLRQ� RI� ����GLFKORURIOXRUHVFHLQ
LQ�VROXWLRQV�SURFHHGV�LQ�WKUHH�VWHSV�>��@�

+�5��/�+�5���+���.D��� ���

+�5�/�+5����+����.D���� ���

+5��/�5�����+����.D��� ���
7KH� ILUVW� HTXLOLEULXP� FDQQRW� EH� VWXGLHG

KHUH� VLQFH� WKH� YDOXH� RI� S.D�� LV� UDWKHU� ORZ
�FD�� ������ DQG� VROXWLRQV�ZLWK� H[WUHPHO\� ORZ
S+�DUH�UHTXLUHG��6LOLFD�VXUIDFH�LV�NQRZQ�WR
EH� UH�FKDUJHG� DW� S+� ORZHU� WKDQ� ��� ZKLFK
PD\�EULQJ�DERXW�WKH�DOWHUDWLRQ�RU�HYHQ�GHJ�
UDGDWLRQ�RI�VXUIDFWDQW�ELOD\HU��DOWKRXJK�WKH
]HUR�FKDUJH�SRLQW�PD\�EH�UHGXFHG�GXH�WR�WKH
SUHVHQFH�RI�&7$%�

:H� KDYH� GHWHUPLQHG� WKH� DSSDUHQW� S.D�D
DQG� S.D�D � YDOXHV� EDVLQJ� RQ� DEVRUEDQFH� �$�
YV��S+�GHSHQGHQFH�DFFRUGLQJ�WR�PHWKRG�GH�
VFULEHG� HOVHZKHUH� >��@�� ,Q� ZRUNLQJ� VROX�
WLRQV�� S+� ZDV� UDQJHG� IURP� ����� WR� �����
���� VROXWLRQV� DOWRJHWKHU��� 7KH� ZDYHOHQJWK
UDQJH� ZDV� ���Ü���� QP�� &DOFXODWLRQV� ZHUH
SHUIRUPHG�XVLQJ�&/,13�VRIWZDUH�FUHDWHG�E\
<X�9�.KROLQ�>��@��7KH�DEVRUSWLRQ�VSHFWUD�RI
WKH�IOXRURSKRU�LQ�WKH�LQYHVWLJDWHG�V\VWHP�DW
GLIIHUHQW�S+�DUH�W\SLILHG�LQ�)LJ����

:H� KDYH� REWDLQHG� WKH� IROORZLQJ� UHVXOWV�
7KH� S.D�D � DQG� S.D�D � YDOXHV� LQ� WKH� LQYHVWL�
JDWHG� V\VWHP� DUH� ����r����� DQG� ����r�����
UHVSHFWLYHO\��7KRVH�DUH�PDUNHGO\�ORZHU�WKDQ
LQ�ZDWHU�������r�����DQG�����r������UHVSHF�
WLYHO\��� 7KH� EHKDYLRU� RI� ����GLFKORURIOXR�
UHVFHLQ� KDV� EHHQ� LQYHVWLJDWHG� EHIRUH� LQ
PLFHOOHV�RI�FHW\O�S\ULGLQLXP�FKORULGH�������0
.&O���DQG�WKH�IROORZLQJ�YDOXHV�RI��S.DDV�KDYH
EHHQ� REWDLQHG�� ����r����� DQG� ����r����

)LJ����� $GVRUSWLRQ� VSHFWUD� RI� ����GLFKOR�
URIOXRUHVFHLQ� LQ� WKH� SUHVHQFH� RI� VLOLFD� DQG
VXUIDFWDQW� DW� GLIIHUHQW� S+� �,� ������0�
FG\H� ��������Ü�� 0��� ��� ����� ����� ����� ������������������������������������������Ü��������
KHUH�,�t������0��

)LJ�����$EVRUSWLRQ� VSHFWUD� RI� YDULRXV� LQGLFD�
WRU� IRUPV� LQ� WKH� V\VWHP� FRQWDLQLQJ� ����� J
6L2�� SHU� GP�� DQG� ����Ü�� 0� &7$%� DQG� LQ
ZDWHU� �GRWWHG� OLQH������c�Û�5�±�����c�Û�+5±�
���c�Û�+�5�
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>��@��7KXV��WKH�DFLG�EDVH�HTXLOLEULXP�RI�WKH
G\H� LV� FRQVLGHUDEO\� VKLIWHG� DV� FRPSDUHG
ZLWK�ZDWHU��DQG�WKLV�HIIHFW�LV�DOPRVW�VLPLODU
WR� WKDW� LQ� VXUIDFWDQW� PLFHOOHV�� 7KLV� SKH�
QRPHQRQ� FDQ� EH� H[SODLQHG� RQ� WKH� EDVLV� RI
WKH� IROORZLQJ� ZHOO�NQRZQ� HTXDWLRQ�� ZKLFK
VKRZV�WKH�UHODWLRQ�EHWZHHQ�WKH�VXUIDFH�HOHF�
WULFDO� SRWHQWLDO� DQG� WKH� DSSDUHQW� LRQL]DWLRQ
FRQVWDQW�YDOXHV�>��@�

S.DD� �S.DZ���ORJ
J%
J%+

��� <)
���57��

���

ZKHUH� S.DZ� LV� WKHUPRG\QDPLFDO� LRQL]DWLRQ
FRQVWDQW� LQ� ZDWHU��<� LV� HOHFWULFDO� SRWHQWLDO
LQ� WKH� ORFDOL]DWLRQ� UHJLRQ� RI� WKH� LQGLFDWRU�
J� DUH� DFWLYLW\� FRHIILFLHQWV� RI� WUDQVIHU� IURP
ZDWHU�WR�WKH�SVHXGRSKDVH��)� LV� WKH�)DUDGD\
FRQVWDQW��5� LV� JDV� FRQVWDQW�� 6LQFH� WKH� VXU�
IDFH�RI�WKH�VXUIDFWDQW�FRDWHG�VLOLFD�QDQRSDU�
WLFOH� LV� SRVLWLYHO\� FKDUJHG�� WKH� ORZHULQJ� RI
S.DD� YDOXHV� LQ� FRPSDULVRQ� ZLWK� ZDWHU� LV� RI
WKH� VDPH� QDWXUH� DV� LQ� FDWLRQLF� VXUIDFWDQW
PLFHOOHV�� 7KH� DEVRUSWLRQ� VSHFWUD� RI� YDULRXV
LQGLFDWRU�IRUPV�DUH�SUHVHQWHG�LQ�)LJ�����7KH
5�±�DQG�+�5�VSHFWUD�DUH�REWDLQHG�GLUHFWO\�DWS+� �������DQG�������UHVSHFWLYHO\��7KH�+5±
VSHFWUXP�ZDV� VLQJOHG� RXW� RI� WKH� VSHFWUD� RI
HTXLOLEULXP�PL[WXUHV��+�5/+5±/5�±���KDY�
LQJ�WKH�S.DD�YDOXHV��IROORZLQJ�WKH�SURFHGXUH
GHVFULEHG�EHIRUH�>��@��7KH�VKLIWV�IRU�DEVRUS�
WLRQ� VSHFWUD� DUH� W\SLFDO� RI� RUJDQLF� VROYHQWV
RU� PLFHOODU� V\VWHPV�� OPD[� YDOXHV� IRU� 5�±�
+5±��+�5� LQ�WKH�SUHVHQFH�RI�PRGLILHG�VLOLFDQDQRSDUWLFOHV� DUH� ����� ���� DQG� ����� ���
DQG� ���� QP�� UHVSHFWLYHO\�� ZKLOH� LQ� ZDWHU�
�����5�±�������+5±�������DQG�����QP��+�5��

7KH�5�±�PD[LPXP�VKLIW�LV�RI�VROYDWRFKURPLF
QDWXUH��ZKLOH�WKH�RWKHU�HIIHFWV�DUH�FDXVHG�E\
WDXWRPHULF�WUDQVIRUPDWLRQV�RI�+5±�DQG�+�5�)LJ���� GHPRQVWUDWHV� WKDW� WKH� DEVRUSWLRQ
PD[LPXP� RI� ����GLFKORURIOXRUHVFHLQ
PRQRDQLRQ�LV�VKLIWHG�WRZDUG�WKH�UHG�DV�FRP�
SDUHG�WR�WKDW�RI�GLDQLRQ��6XFK�HIIHFW�LV�DOZD\V
REVHUYHG�ZKHQ�SDVVLQJ�IURP�DTXHRXV�VROXWLRQV
WR� RUJDQLF� PHGLD� DV� ZHOO� DV� LQ�PLFHOODU� VROX�
WLRQV� >��@��&RQVHTXHQWO\��WKH�WDXWRPHULF�HTXL�
OLEULXP�RI�+5±� LV� LQ�WXUQ�VKLIWHG�IURP��,,��WR
�,,,��DFFRUGLQJ�WR�6FKHPH���

� 'HFRORUDWLRQ� RI� VROXWLRQV�� ZKHUH� +�5IRUP� RI� WKH� G\H� GRPLQDWHV� ZKHQ� SDVVLQJ
IURP� ZDWHU� WR� WKH� FROORLGDO� V\VWHP� XQGHU
VWXG\� LV� FDXVHG� E\� WKH� WDXWRPHULF� HTXLOLE�
ULXP�VKLIW�IURP�WKH�FRORUHG�TXLQRQH��,9��WR
WKH�FRORUOHVV�ODFWRQH��9���6FKHPH�������

+HQFH��WKH�REVHUYHG�VSHFWUD�DQG�REWDLQHG
YDOXHV�RI�S.DD�UHIOHFW�WKH�VSHFLILF�SURSHUWLHV
RI� VXUIDFWDQW�FRDWHG� VLOLFD� VXUIDFH� DQG� WKH
ZD\� LW� DIIHFWV� DFLG�EDVH� DQG� WDXWRPHULF
HTXLOLEULXP� RI� WKH� OXPLQRSKRUH�� 7KH� GH�
VFULEHG�EHKDYLRU� RI�YDULRXV� LQGLFDWRU� IRUPV
LQ� WKH� V\VWHP� FRQWDLQLQJ� VLOLFD� DQG� VXUIDF�
WDQW� LV� VLPLODU� WR� WKDW� LQ� WKH� VXUIDFWDQW
PLFHOOHV�>��@��ZKLFK�LQGLFDWHV�WKH�IRUPDWLRQ
RI�VXUIDFWDQW�ELOD\HU�RQ�WKH�VLOLFD�VXUIDFH�

7KXV�� WKH� LQWHUIDFLDO� SURSHUWLHV� RI� VXU�
IDFWDQW�FRDWHG� VLOLFD� QDQRSDUWLFOHV� ZHUH
VWXGLHG�E\�XVLQJ�OXPLQHVFHQW�G\H�����GLFKOR�
URIOXRUHVFHLQ�DV�D�WHVW�VXEVWDQFH��%DVLQJ�RQ
WKH�DEVRUSWLRQ��H[FLWDWLRQ��DQG�IOXRUHVFHQFH
VSHFWUD� DQDO\VLV�� WKH� ELOD\HU� RI� FHW\O
WULPHWK\ODPPRQLXP� EURPLGH� PROHFXOHV� KDV
EHHQ� IRXQG� WR� EH� IRUPHG� ZKHQ� WKH� V\VWHP
FRPSRVLWLRQ�LV������P0�&7$%�SHU���J�6L2�������J�6L2��SHU�GP�� DQG�����Ü��0�&7$%��
7KH� IOXRURSKRU� DFLG�EDVH� HTXLOLEULXP� ZDV
H[DPLQHG�LQ�WKLV�V\VWHP�DQG�DSSDUHQW�DFLG�

2+2

&O &O

2
2 2

&O &O

2

&22+

,, ,,,

�
&22 �

����������������������������������������������������6FKHPH���
2

&22+

+2

&O

2

&O

2+2

&O

2+

2
&

2

&O

,9 9
����������������������������������������������������6FKHPH���

(�<X�%U\OHYD�HW�DO����7KH�SURSHUWLHV�RI�VLOLFD����

)XQFWLRQDO�PDWHULDOV������������� ���



EDVH� HTXLOLEULXP�FRQVWDQWV�ZHUH� FDOFXODWHG�
7KH� ODWWHU� RQHV� KDYH� WXUQHG� WR� EH� ORZHU
WKDQ� LQ�ZDWHU��ZKLFK� LV� W\SLFDO� RI�PLFHOODU
V\VWHPV� DQG�PD\� EH� DQ� HYLGHQFH� RI� VXUIDF�
WDQW�ELOD\HU�IRUPDWLRQ�RQ�WKH�VXUIDFH�RI�VLO�
LFD�QDQRSDUWLFOHV��,W�ZDV�IRXQG�WKDW�DEVRUS�
WLRQ� VSHFWUD� RI� FRQMXJDWHG� G\H� IRUPV� ZHUH
VKLIWHG� DV� FRPSDUHG� WR� ZDWHU�� ZKLFK� LV
FDXVHG�E\�VROYDWRFKURPLF�HIIHFW�IRU�GLDQLRQ
DQG�WDXWRPHULF�WUDQVIRUPDWLRQV�RI�+5±�DQG
+�5�IRUPV��7KLV�HIIHFW�UHVHPEOHV�LQ�JHQHUDOIHDWXUHV�WKH�G\H�EHKDYLRU�LQ�FDWLRQLF�VXUIDF�
WDQW� PLFHOOHV�� EXW� WKHUH� DUH� GLIIHUHQFHV� LQ
WKH� H[FLWDWLRQ� DQG� IOXRUHVFHQFH� VSHFWUD
ZKLFK� DUH� FDXVHG� E\� WKH� VSHFLILFLW\� RI� VXU�
IDFH� DGOD\HU� PRUSKRORJ\� DQG� FKDUDFWHU� RI
G\H�ELQGLQJ��
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