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5HFHLYHG�-XQH���������
7KH�SHFXOLDULWLHV�RI�&G7H��&G�±[=Q[7H��&G[+J�±[7H�DQG�7H�VLQJOH�FU\VWDOV�GLVVROXWLRQ�LQWKH� VROXWLRQV� RI�+12�±+&O�FLWULF� DFLG� V\VWHP� DUH� LQYHVWLJDWHG� DQG� WKH� VXUIDFHV� RI� HTXDOHWFKLQJ�UDWHV��*LEEV�GLDJUDPV��DUH�FRQVWUXFWHG��7KH�OLPLWLQJ�VWDJHV�RI�GLVVROXWLRQ�SURFHVV

DQG�UHJLRQV�RI�SROLVKLQJ�VROXWLRQV�IRU�WKHVH�VHPLFRQGXFWRUV�DUH�GHWHUPLQHG��,QFUHDVLQJ�RI
=Q7H� FRQWHQWV� LQ� WKH� &G�±[=Q[7H� VROLG� VROXWLRQV� KDV� EHHQ� VKRZQ� WR� UHVXOW� LQ� D� OLQHDULQFUHDVLQJ�RI�GLVVROXWLRQ�UDWH�
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7KH� FKHPLFDO� HWFKLQJ� RI� VHPLFRQGXFWRUV
EDVHG�RQ�WKH�GLVVROXWLRQ�SURFHVVHV�LV�ZLGHO\
XVHG�DW�WKH�PDQXIDFWXULQJ�RI�YDULRXV�VHPL�
FRQGXFWRU�GHYLFHV��.QRZOHGJH�RI�PHFKDQLVP
DQG� NLQHWLF� RI� VHPLFRQGXFWRU� GLVVROXWLRQ� LV
WKH�PRVW�LPSRUWDQW�FRQGLWLRQ�IRU�D�FKRLFH�RI
FRUUHVSRQGLQJ�VROXWLRQ�FRPSRVLWLRQ� IRU�SRO�
LVKLQJ��DQLVRWURSLF��RU�VHOHFWLYH�HWFKLQJ�DQG
FKHPLFDO� FXWWLQJ��7KH�KLJK�UHVROYLQJ�SRZHU
RI�VRPH�HWFKDQWV�DOORZV�WR�XVH�WKHP�RQ�WKH
GLIIHUHQW� VWDJHV� RI� VXEVWUDWH� WUHDWLQJ�� EXW
IRU�WKLV�SXUSRVHV��LW�LV�QHFHVVDU\�WR�GHYHORS
WKH� HWFKDQWV� ZLWK� FRUUHVSRQGLQJ� VSHHG� RI
WKH� PDWHULDO� UHPRYDO�� DWWDLQDEOH� VXUIDFH
URXJKQHVV�� DQG� VRPH� RWKHU� SDUDPHWHUV� >�@�
&DGPLXP�WHOOXULGH�DQG�&G[=Q�±[7H�VROLG�VR�OXWLRQV� DUH� ZLGHO\� XVHG� QRZ� IRU� PDQXIDF�
WXULQJ�RI�;�UD\�DQG�J�GHWHFWRUV��&G[=Q�±[7HVROLG�VROXWLRQV�DUH�DOVR�D�JRRG�VXEVWUDWH�PD�
WHULDO�IRU�WKH�HSLWD[LDO�JURZLQJ�RI�&G[=Q�±[7HWKLQ�VROLG�ILOPV��7KHUHIRUH��WKH�SUHSDULQJ�RI

JRRG�TXDOLW\�VXUIDFHV�RI�&G[=Q�±[7H�FU\VWDOLV�RI�D�JUHDW�LPSRUWDQFH�
,Q�VHPLFRQGXFWRU�VXUIDFH�WUHDWPHQWV��WKH

XQLYHUVDO�VROXWLRQV�RI�WKH�EURPLQH�PHWKDQRO
V\VWHP� DUH� XVHG� DV� D� UXOH� >�@�� +RZHYHU�
XVLQJ� RI� VXFK� HWFKDQWV� UHVXOWV� LQ� D� VOLJKW
VXUIDFH� R[LGL]DWLRQ� DQG� LWV� FRQWDPLQDWLRQ
ZLWK� FDUERQ� DQG� EURPLQH� ZKLFK� UHPDLQ� RQ
WKH� VXUIDFH� HYHQ� DIWHU� FDUHIXO�ZDVKLQJ� >�@�
%HVLGHV�� WKHVH� HWFKDQWV� FRQWDLQ� KLJK� WR[LF
FRPSRQHQWV��+\GURFKORULF�DFLG�HWFKDQWV�DUH
ZLGHO\� XVHG� IRU� WKH� WUHDWPHQW� RI� ,,Ü9,
VHPLFRQGXFWRU�FRPSRXQGV��7KH�PRVW�QXPHU�
RXV�HWFKDQWV�RI�WKDW�W\SH�KDYH�EHHQ�GHYHORSHG
IRU� WKH� FDGPLXP� WHOOXULGH� DQG� &G�±[+J[7HVROLG� VROXWLRQV� >�@�� ZKLOH� FKHPLFDO� HWFKLQJ
RI�&G�±[=Q[7H� VROLG� VROXWLRQV� LV� DOPRVW� QRWVWXGLHG�� 7KH� XVH� RI� QLWULF� DFLG� DV� D� VWURQJ
R[LGL]LQJ� DJHQW� HQULFKHV� WKH� &G7H� VXUIDFH
LQ� WHOOXULXP��WHOOXULXP�R[LGH��DQG�SUREDEO\
LQ� FDGPLXP� WHOOXULWH� >����@�� ZKLOH� K\GUR�
EURPLF� DFLG� UHPRYHV� YDULRXV� R[LGHV� IURP

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�,QVWLWXWH�IRU�6LQJOH�&U\VWDOV
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VXUIDFH��&LWULF�DFLG�UHGXFHV�WKH�HWFKLQJ�UDWH
EHFDXVH�RI�LWV�KLJK�YLVFRVLW\�DQG�ORZ�LRQL]D�
WLRQ�FRQVWDQW�>�@��ZKLFK�LV�LPSRUWDQW�DW�WKH
HWFKLQJ�RI� WKLQ� ILOPV��7KH�ZDVKLQJ�RI�&G��
DQG�+J���LRQV�RXW�RI�WKH�VXUIDFH�WDNHV�SODFH
DW� WKH� HWFKLQJ� RI� &G7H� DQG� +J7H� LQ� VROX�
WLRQV�RI�+12�±+&O±+�2�V\VWHP�IROORZLQJ�E\7H�±� WR�7H�� DQG�7H��� R[LGDWLRQ� >�@��7KH�7H
ILOP�RQ�WKH�VXUIDFH�LV�IRUPHG�DW�WKH�HWFKLQJ
LQ� WKH� VROXWLRQV� HQULFKHG� LQ� K\GURFKORULF
DFLG��$IWHU� WKH� HWFKLQJ� LQ� WKH� VROXWLRQV� RQ
+12�� EDVLV�� WKH� &G7H2�� FRPSRXQG� LVIRUPHG� DW� WKH� VXUIDFH� >�@�� 7R� LPSURYH� WKH
VXUIDFH�SURSHUWLHV�RI�&G�±[=Q[7H�VROLG�VROX�WLRQ� VLQJOH� FU\VWDOV� �GHFUHDVLQJ� RI� URXJK�
QHVV��UHGXFWLRQ�RI�VXUIDFH� LPSXULW\�FRQFHQ�
WUDWLRQ�� GHYLDWLRQ� IURP� VWRLFKLRPHWU\�� DQG
WKH�SRVVLELOLW\�RI�HWFKLQJ�UDWH�YDULDWLRQ��ZH
LQYHVWLJDWHG� WKH�+12�±+&O�FLWULF� DFLG� VROX�WLRQV�DV�WKH�HWFKDQWV�

7KH�GLVVROXWLRQ�RI�&G7H��7H��&G�±[=Q[7HDQG�&G[+J�±[7H� LQ�+12�±+&O�FLWULF�DFLG�VR�OXWLRQV� ZDV� VWXGLHG� LQ� WKLV� ZRUN� XQGHU� UH�
SURGXFLEOH�K\GURG\QDPLF�FRQGLWLRQV�XVLQJ�D

URWDWLQJ�GLVN��7KH�H[SHULPHQWV�ZHUH�FDUULHG
RXW�XVLQJ�WKH�VLQJOH�FU\VWDO�ZDIHUV�ZLWK�WKH
VXUIDFH�DUHD�RI�DERXW�����FP��DQG�WKLFNQHVV
RI� ���Ü�� PP� ZHUH� FXW� RXW� RI� LQJRWV�� 7KH
LQJRWV�ZHUH�JURZQ�E\�%ULGJPDQ�RU�PRGLILHG
%ULGJPDQ�PHWKRG� �+3%��XQGHU� DUJRQ�SUHV�
VXUH� 3$U� ����� DWP� DW� WKH� JURZWK� UDWH� RI����PP�K��3ULRU�WR�WKH�HWFKLQJ��WKH�ZDIHUV
ZHUH�PHFKDQLFDOO\�SROLVKHG��DQG�WKH�VXUIDFH
OD\HU� RI� ��� WR� ��� PP� ZDV� UHPRYHG� E\
HWFKDQW� RI� WKH� VDPH� FRPSRVLWLRQ� WKDW� ZDV
VXEVHTXHQWO\� XVHG� WR� VWXG\� WKH� HWFKLQJ
SURFHVV�� 7KH� VDPSOHV� ZHUH� IL[HG� WR� TXDUW]
VXEVWUDWHV� XVLQJ� SL]]HLQH� RU� %)��� JOXH� DQG
WKHQ� PRXQWHG� LQ� D� 7HIORQ� KROGHU� DOORZLQJ
PHDVXUHPHQWV� LQ� WKH� URWDWLQJ� GLVN� PRGH
�ZLWK� WKH� URWDWLRQ� UDWH� UDQJLQJ� IURP���� WR
����USP���7KH�HWFKLQJ�UDWH�ZDV�GHWHUPLQHG
IURP� WKH� ZDIHU� WKLFNQHVV� UHGXFWLRQ� XVLQJ
,&K��� LQGLFDWRU��7ZR�RU�WKUHH�VDPSOHV�ZHUH
HWFKHG� VLPXOWDQHRXVO\� ZLWK� GLIIHUHQFHV� LQ
WKH�PHDVXUHG�WKLFNQHVV�QRW�H[FHHGLQJ�����
$OO� HWFKDQWV�ZHUH� DOORZHG� WR� VWDQG�IRU���Ü
���PLQ�EHIRUH�HWFKLQJ�WR�DVFHUWDLQ�WKH�HTXL�

)LJ�����7KH�VXUIDFHV�RI�HTXDO�HWFKLQJ�UDWHV� �PP�PLQ��RI�7H� �D���&G���+J���7H� �E���&G����=Q����7H� �F�DQG�&G7H��G��LQ�WKH�+12�±+&O�FLWULF�DFLG�V\VWHP�VROXWLRQV��7KH�UDWLR�RI�+12��+&O�FLWULF�DFLG�LQ�$��%�DQG&�WRSV�LV��LQ�YRO������$�Û����������%�Û�����������&�Û���������
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OLEULXP�LQ�WKH�FKHPLFDO�UHDFWLRQ�ZKLFK�WDNH
SODFH�EHWZHHQ�WKH�HWFKDQW�FRPSRQHQWV�

�+&O���+12����!�&O����12&O����+�2� ���
7KH� VROXWLRQV� ZHUH� SUHSDUHG� XVLQJ� ��� �

VSHFLDO� SXULW\� JUDGH� +12��� ��� �� UHDJHQWJUDGH�+&O��DQG������UHDJHQW�JUDGH�FLWULF�DFLG�
7KH� HWFKLQJ� SURFHVV� LV� FKDUDFWHUL]HG

TXDQWLWDWLYHO\� E\� WKH� VDPSOH� GLVVROXWLRQ
UDWH�� )LJ���� VKRZV� WKH� GLDJUDPV� RI� WKH�7H�
&G7H��&G���+J���7H�� DQG�&G����=Q����7H� VLQ�JOH� FU\VWDOV� HWFKLQJ� UDWHV� �PP�PLQ�� YV� WKH
+12�±+&O�FLWULF� DFLG� HWFKDQW� FRPSRVLWLRQ�7KHVH� GLDJUDPV�ZHUH� FRQVWUXFWHG�XVLQJ� WKH
VLPSOH[� PHWKRG� RI� WKH� H[SHULPHQW� PDWKH�
PDWLFDO�SODQQLQJ�>�@�DW����v�DQG�GLVN�URWDW�
LQJ�UDWH����PLQÜ���,W�LV�VHHQ�IURP�WKLV�)LJ�
XUH�WKDW�WKH�VXUIDFHV�RI�HTXDO�HWFKLQJ�UDWHV
�*LEEV� GLDJUDPV�� RI� WKH� DERYH� VHPLFRQGXF�
WRUV� LQ� WKH� LQYHVWLJDWHG� VROXWLRQV� DUH� VLPL�
ODU��SUREDEO\�GXH�WR�VLPLODULW\�RI�WKHLU�HWFK�
LQJ� PHFKDQLVP�� 7KH� REWDLQHG� GLVVROXWLRQ
UDWHV� DUH� UHODWLYHO\� ORZ� �QRW� H[FHHGLQJ
���PP�PLQ���7KLV�DOORZV�XV�WR�FRQFOXGH�WKDW
WKHUH�LV�D�ODUJH�UHJLRQ�RI�SROLVKLQJ�VROXWLRQV

IRU� VXFK� PDWHULDOV� LQ� WKH� +12�±+&O�FLWULFDFLG�V\VWHP��,Q�)LJ�����WKH�QRQ�SROLVKLQJ�VR�
OXWLRQ� DUHDV� IRU� &G7H�� &G���+J���7H�� DQG&G����=Q����7H�DUH�GDVKHG�DQG�WKH�SROLVKLQJRQHV� �QRW�GDVKHG��DUH� ORFDWHG�PDLQO\� LQ�WKH
ORZHU�SDUW�RI�WKHVH�GLDJUDPV����

)RU� VRPH�VROXWLRQV�RI� WKH�+12�±+&O�FLW�ULF�DFLG�V\VWHP��WKH�GHSHQGHQFHV�RI�WKH�GLV�
VROXWLRQ�UDWH��Y��RQ�WKH�GLVN�URWDWLRQ�UDWH��J�
DUH� SORWWHG� DV� YÜ�� YV� JÜ���� �)LJ������ 7KH
FXUYHV�RI� WKLV�W\SH�PD\�HOXFLGDWH�WKH�FKDU�
DFWHU� RI� WKH� GLVVROXWLRQ� SURFHVVHV� >����@�� DV
WKH�GLVVROXWLRQ�UDWH�FDQ�EH�H[SUHVVHG�E\�WKH
HTXDWLRQ�

Y��� ���e�N&�����D�e�'&��J���e����� ���
ZKHUH� N� LV� WKH� � UHDFWLRQ� UDWH� FRQVWDQW��v��WKH�DFWLYH�FRPSRQHQW�FRQFHQWUDWLRQ��'��GLI�
IXVLYLW\� LQ� WKH� VROXWLRQ�� DQG�D�� D� FRQVWDQW�
:KHQ� WKH� SURFHVV� LV� GLIIXVLRQ�OLPLWHG�� WKH
FXUYH� VKRXOG� SDVV� WKH� FRRUGLQDWH� RULJLQ� DV
IDU� DV� N�!!��� DQG� WKH� ILUVW� WHUP� RI� WKH
HTXDWLRQ� ���� LV� HTXDO� ]HUR��$� ODUJHU� UROH� RI
WKH�VXUIDFH��FKHPLFDO��UHDFWLRQ�LQ�WKH�HQWLUH
GLVVROXWLRQ�SURFHVV�UHVXOWV�LQ�D�VPDOOHU�VORSH

)LJ�����'HSHQGHQFHV�RI�WKH�&G7H��D���&G����=Q����7H��E���7H��F��DQG�&G���+J���7H��G��GLVVROXWLRQ�UDWHVRQ�WKH�PL[LQJ�UDWH�IRU�WKH�VROXWLRQV�,�����YRO���+12�������YRO���+&O������YRO����FLWULF�DFLG���,,
����YRO���+12�������YRO���+&O�� DQG� ,,,� ������ YRO���+12���������YRO���+&O������ YRO���� FLWULF
DFLG��
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RI�WKH�OLQH��,Q�WKH�FDVH�ZKHQ�WKH�SURFHVV�RI
GLVVROYLQJ� LV� OLPLWHG� E\� WKH� UDWH� RI� WKH
FKHPLFDO� UHDFWLRQ�� WKH� OLQH�EHFRPHV�SDUDOOHO
WR�WKH�;�D[LV�DV�LQ�WKLV�FDVH�WKH�VHFRQG�WHUP
RI�WKH�HTXDWLRQ�����LV�HTXDO�]HUR��:KHQ�WKH
SURFHVV�KDV�D�FRPELQHG�PHFKDQLVP��WKH�OLQH
RU� LWV� H[WUDSRODWLRQ� FXWV� RII� D� FHUWDLQ� SRU�
WLRQ�RI�WKH�<�D[LV��WKH�OHQJWK�WKHUHRI�DOORZV
WR� FDOFXODWH� WKH� FRQVWDQW� RI� WKH� RYHUDOO
FKHPLFDO�UHDFWLRQ��

)LJ���� VKRZV� WKDW� WKH� GLVVROXWLRQ� RI
&G����=Q����7H� DQG� &G���+J���7H� VROLG� VROX�WLRQV��&G7H� �H[FHSW� IRU� VROXWLRQ� ,��� DQG�7H
�LQ� WKH� ,,� DQG� ,,,� VROXWLRQV�� LV� D� GLIIXVLRQ�

OLPLWHG� SURFHVV�� VLQFH� WKH� FRUUHVSRQGLQJ
OLQHV� FDQ� EH� H[WUDSRODWHG� LQ� WKH� FRRUGLQDWH
RULJLQ��7KH�WHPSHUDWXUH�GHSHQGHQFHV�RI�GLV�
VROXWLRQ� UDWHV� IRU� &G7H�� &G����=Q����7H�&G���+J���7H� DQG� 7H� LQ� WKH� VDPH� VROXWLRQVDUH�SUHVHQWHG� LQ�)LJ����� ,W�FDQ�EH�VHHQ�WKDW
WKH�GLVVROXWLRQ�SURFHVV�RI�WKH�&G����=Q����7HVROLG�VROXWLRQ��&G7H� �H[FHSW�IRU�VROXWLRQ�,��
7H��H[FHSW�IRU�VROXWLRQ�,,���DQG�&G���+J���7HVROLG� VROXWLRQ� �LQ� WKH� VROXWLRQ� ,�� LV� UHDOO\
GLIIXVLRQ�OLPLWHG��VLQFH�WKH�DSSDUHQW�DFWLYD�
WLRQ�HQHUJ\�RI�WKH�RYHUDOO�SURFHVV��(D��GRHVQRW�H[FHHG����N-�PRO��VHH�7DEOH���7KH�DFWL�
YDWLRQ� HQHUJ\� RI� &G7H� GLVVROXWLRQ� LQ� WKH
VROXWLRQ� ,��7H�GLVVROXWLRQ�LQ�WKH�VROXWLRQ�,,�

)LJ����� 7HPSHUDWXUH� GHSHQGHQFHV� RI� WKH�&G7H� �D���&G����=Q����7H� �E��� 7H� �F�� DQG�&G���+J���7H� �G�GLVVROXWLRQ�UDWHV�IRU�WKH�VDPH�VROXWLRQV�DV�LQ�WKH�)LJ����

7DEOH�� 7KH� DSSDUHQW� DFWLYDWLRQ� HQHUJ\� �N-�PRO�� RI�&G7H��&G����=Q����7H�� 7H�� DQG�&G���+J���7HGLVVROXWLRQ� LQ� WKH� VROXWLRQV� ,� ���� YRO��� +12������� YRO��� +&O������ YRO�� �� FLWULF� DFLG��� ,,
����YRO���+12�������YRO���+&O��DQG�,,,�������YRO���+12���������YRO���+&O������YRO����FLWULF�DFLG�

&G7H &G����=Q����7H 7H &G���+J���7H
6ROXWLRQ�, ���� ���� ���� ����
6ROXWLRQ�,, ���� ���� ���� ����
6ROXWLRQ�,,, ���� ���� ���� ����
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DQG� &G���+J���7H� GLVVROXWLRQ� LQ� WKH� VROX�WLRQV� ,,� DQG� ,,,� H[FHHGV� ��� N-�PRO�� WKXV�
WKHVH� GLVVROXWLRQ� SURFHVVHV� DUH� OLPLWHG� E\
WKH�FRPELQHG�VWDJHV�

7R� YHULI\� WKH� REWDLQHG� H[SHULPHQWDO� UH�
VXOWV��ZH�LQYHVWLJDWHG�WKH�GHSHQGHQFH�RI�WKH
GLVVROXWLRQ� UDWHV� RI� &G7H� DQG� &G�±[=Q[7HVROLG� VROXWLRQV� ZLWK� GLIIHUHQW� [� LQ� WKH
+12�±+&O�FLWULF� DFLG� VROXWLRQV� DORQJ� WKHOLQH� '(� LQ� )LJ����G�� 7KH�&G7H��&G�±[=Q[7HVROLG� VROXWLRQV� VLQJOH�FU\VWDOV�DW�[� �������
����� DQG� ����� UHVSHFWLYHO\�� REWDLQHG� E\� WKH
RUGLQDU\� %ULGJPDQ� PHWKRG� DQG� E\� +3%
ZHUH� XVHG�� $FFRUGLQJ� WR� WKH� UHVXOWV� RE�
WDLQHG�� WKH� GLVVROXWLRQ� UDWHV� RI� DOO� LQYHVWL�
JDWHG� PDWHULDOV� SDVV� WKURXJK� D� PLQLPXP
SUHVHQW� RQ� WKH� VXUIDFHV� RI� HTXDO� HWFKLQJ
UDWHV� LQ� WKH�&G7H� DQG�&G����=Q����7H� FDVHV�)LJ����� F�� G���7KH�GHSHQGHQFH� RI� WKH�GLVVR�
OXWLRQ�UDWH�RI�&G�±[=Q[7H� VLQJOH� FU\VWDOV� LQWKH�+12�±+&O±�FLWULF� DFLG� V\VWHP� VROXWLRQVYV� =Q7H� FRQWHQW� LQGLFDWHV� WKDW� LQFUHDVLQJ
=Q7H� FRQWHQW� LQ� WKH�&G�±[=Q[7H� VROLG� VROX�WLRQV�UHVXOWV�LQ�D�OLQHDU�LQFUHDVH�RI�GLVVROX�
WLRQ�UDWH��)RU�WKH�FRPSOHWHQHVV�RI�LQYHVWLJD�
WLRQ�� WKH� VWRLFKLRPHWU\� RI� VXUIDFH� OD\HUV
DQG� WKHLU� FRQWDPLQDWLRQ� ZLWK� WKH� FRPSR�
QHQWV� RI� HWFKDQW� FRPSRVLWLRQ� DQG� WKH�SURG�
XFWV�RI�FKHPLFDO�LQWHUDFWLRQ�LV�WR�EH�VWXGLHG
IXUWKHU�
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