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KDV� EHHQ� IRXQG� WKDW� WKH� =Q� FRQWHQW� LQFUHDVH� LQ� WKH� VROLG� VROXWLRQV� UHVXOWV� LQ� HQKDQFHG
HODVWLF� VWDELOLW\�RI� WKH�FU\VWDO� ODWWLFH�DQG�UHGXFHG�DQLVRWURS\� LQ�PHFKDQLFDO�SURSHUWLHV�RI
WKH�VROLG�VROXWLRQV�
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7KH� VHPLFRQGXFWLQJ�FRPSRXQG�&G6E� DQG
LWV� VROLG� VROXWLRQV�&G=Q6E� DUH�PDWHULDOV� RI
JRRG�SURVSHFWV� IRU� HOHFWURQLFV��7KH� WKHUPR�
HOHFWULF� DQG� JDOYDQRPDJQHWLF� SURSHUWLHV
WKHUHRI�ZHUH�VXEMHFWHG�WR�QXPHURXV�LQYHVWL�
JDWLRQV� GXH� WR� D� FRQVLGHUDEOH� DQLVRWURS\�RI
WKH� PDWHULDO� WKHUPR�H�P�I�� >�@�� 7KH� VWUXF�
WXUDOO\�SHUIHFW�VLQJOH�FU\VWDOV�RI�WKRVH�PDWH�
ULDOV� WKDW� H[KLELW� D� KLJK� SKRWRVHQVLWLYLW\
DQG�WKXV�FDQ�EH�XVHG�DV�WKH�,5�UDQJH�UHFHLY�
HUV�� SKRWRUHVLVWRUV�� ILOWHUV�� VXEPLOOLPHWHU
UHFHLYHUV��WKH�8+)�SRZHU�PHDVXUHUV��DQG�LQ
RWKHU� GHYLFHV� >����@�� 7KH� SUDFWLFDO� DSSOLFD�
WLRQV�WKHUHRI�UHTXLUHV�WKRURXJK�DQG�FRPSUH�
KHQVLYH�VWXGLHV�RQ�WKH�EHKDYLRU�RI�WKH�PDWH�
ULDO� SK\VLFRFKHPLFDO� SURSHUWLHV� DQG� DWRPLF
LQWHUDFWLRQV�XQGHU�YDULRXV�H[WHUQDO�DFWLRQV�
LQFOXGLQJ�WKH�HODVWLF�VWUDLQLQJ�
7KH� HODVWLF� SURSHUWLHV� RI� FDGPLXP� DQWL�

PRQLGH� ZHUH� VWXGLHG� LQ� >�Ü�@� ZKHUH� WKH
HODVWLF�PRGXOL�RI�SRO\FU\VWDOOLQH�&G6E�KDYH
EHHQ� GHWHUPLQHG�� WKH� HODVWLFLW\� DQLVRWURS\
KDV�EHHQ�VWXGLHG�DV�ZHOO�DV�WKH�WHPSHUDWXUH

DQG�SUHVVXUH�HIIHFWV�RQ�WKH�HODVWLF�FRQVWDQWV
RI�&G6E�VLQJOH�FU\VWDOV��$V�WR�&G=Q6E�VROLG
VROXWLRQV�� HVVHQWLDOO\� QR� VLPLODU� VWXG\� UH�
VXOWV�DUH�UHSRUWHG�LQ�OLWHUDWXUH�DV�IDU�DV�ZH
NQRZ�� H[FHSW� IRU� >�@�� 7KH� SXUSRVH� RI� WKLV
ZRUN� ZDV� WR� VWXG\� WKH� WHPSHUDWXUH� DQG
SUHVVXUH�HIIHFWV�RQ�WKH�HODVWLF�SURSHUWLHV�RI
WKH� VROLG� VROXWLRQV� RI� WKH� &G6E±=Q6E
V\VWHP�
7KH�&G6E� DQG�=Q6E� VLQJOH� FU\VWDOV�KDYH

EHHQ�SUHSDUHG�E\� WKH�&]RFKUDOVNL� WHFKQLTXH
DQG� WKH� &G�±[=Q[6E� VROLG� VROXWLRQV� �[� ������ ����� DW�� �� =Q��� E\� ]RQH� PHOWLQJ�� 7KH
VLQJOH� FU\VWDO� VWUXFWXUH� ZDV� H[DPLQHG� E\
;5'�XVLQJ�D�'521���GLIIUDFWRPHWHU� LQ�&X
.D� HPLVVLRQ��7KH�VDPSOH�GHQVLW\�ZDV�PHDV�
XUHG� E\� K\GURVWDWLF� ZHLJKLQJ� LQ� HWKDQH
WHWUDEURPLGH��&�+�%U���DW�7� �����.�DQG�E\;�UD\� WHFKQLTXH� XQGHU� FRUUHFWLRQ� IRU� WKHU�
PDO� H[SDQVLRQ�� 7KH� XOWUDVRQLF� �86�� ZDYH
SURSDJDWLRQ� VSHHG� ZDV� PHDVXUHG� XVLQJ� WKH
WHFKQLTXH�RI�UHIOHFWHG�HFKR�86�SXOVHV�>�@�DW
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��� 0+]� IUHTXHQF\�� 9DULRXV� OXEULFDQWV� DV
ZHOO�DV�VDORO�ZHUH�XVHG�DV�DFRXVWLF�FRQWDFWV�
7KH� WKHUPRVWDW� WHPSHUDWXUH�ZDV� FRQWUROOHG
WR� ZLWKLQ� r���� .�� )URP� WKH� PHDVXUHG� 86
ZDYH�SURSDJDWLRQ�VSHHGV�DW�����.��WKH�FRQ�
FHQWUDWLRQ� GHSHQGHQFHV� &LMNO�[�� KDYH� EHHQGHWHUPLQHG� IRU� DOO� WKH� QLQH� FRPSRQHQWV� RI
WKH�HODVWLF�FRQVWDQW�WHQVRU�LQ�WKH�VROLG�VROX�
WLRQV�XQGHU�VWXG\��7KHVH�YDOXHV�&PQ� �LQ�WKH)RLJW±V� QRWDWLRQ�� DW� 7� ����� .� DUH� SUH�
VHQWHG� LQ� 7DEOH���� 7KH� PD[LPXP� UHODWLYH
HUURU�RI�GLDJRQDO��&PP��DQG�QRQ�GLDJRQDO��&PQ�WHQVRU�FRPSRQHQWV�ZDV�����DQG������UHVSHF�
WLYHO\�
,W� IROORZV�IURP�7DEOH��� WKDW� WKH� LQFUHDV�

LQJ�=Q�FRQWHQW�LQ�WKH�VROLG�VROXWLRQV�UHVXOWV
LQ� LQFUHDVLQJ� &PQ� YDOXHV�� H[FHSW� IRU� &���7KH� &PQ�[�� GHSHQGHQFHV� DUH� OLQHDU� ZLWKLQWKH� H[SHULPHQWDO� DFFXUDF\�� 7KH� DEVROXWH
&PP� YDOXHV� IRU� &G6E� DJUHH� ZHOO� ZLWK� WKHGDWD� IURP� >�@��ZKLOH� VRPH�GLIIHUHQFH� LV� RE�
VHUYHG� IRU� QRQ�GLDJRQDO� WHQVRU� FRPSRQHQWV

&PQ��SHUKDSV�GXH�WR�GLIIHUHQFHV� LQ�DFFXUDF\EHWZHHQ� WKH� DFRXVWLF� H[SHULPHQWDO� WHFK�
QLTXHV�XVHG� LQ� >�@�DQG� LQ�WKLV�ZRUN�DV�ZHOO
DV�LQ��WKH�SHUIHFWLRQ�RI�WKH�VWXGLHG�FU\VWDOV�
7DEOH���SUHVHQWV�WKH�GHQVLW\�YDOXHV�DQG�WKH
FU\VWDO� ODWWLFH�SHULRGV�RI�WKH�VROLG�VROXWLRQV
XQGHU�VWXG\�
,W�LV�RI�LQWHUHVW�WR�VWXG\�WKH�EHKDYLRU�RI

WKH�PDLQ�PDFURVFRSLF� HODVWLFLW\� SDUDPHWHUV
LQ� WKH� PDLQ� FU\VWDOORJUDSKLF� GLUHFWLRQV�� LQ
SDUWLFXODU��LQ�FRPSDULVRQ�ZLWK�DQLVRWURS\�RI
RWKHU� SK\VLFDO� SURSHUWLHV�� 7DEOH��� SUHVHQWV
WKH� FRPSRQHQWV� 6PQ� RI� WKH� HODVWLF� FRPSOL�DQFH� WHQVRU� WKDW� DUH� UHODWHG� WR� WKH� HODVWLF
FRQVWDQWV�DFFRUGLQJ�WR�WKH�UHODWLRQVKLS

6PQ� �
����P�Q_&PQ_

_&_ � ���

ZKHUH� _&_� LV� WKH� GHWHUPLQDQW� RI� WKH� HODVWLF
FRQVWDQWV� PDWUL[�� _&PQ_�� WKH� FRUUHVSRQGLQJDOJHEUDLF�VXSSOHPHQWV�

7DEOH����(ODVWLF�FRQVWDQWV�&PQ�RI�&G�±[=Q[6E�VROLG�VROXWLRQV�DW�7� �����.
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8VLQJ� WKH�6PQ� YDOXHV�� WKH�<RXQJ�PRGXOL
(P��OLQHDU�FRPSUHVVLELOLW\�FP�YDOXHV�DQG�YRO�
XPH� RQHV� FQ� KDYH� EHHQ� FDOFXODWHG�� WKH� UH�
VXOWV� DUH� VXPPDUL]HG� LQ� 7DEOH��� ZKHUH� WKH
LQGLFHV� P� ���� ��� �� FRUUHVSRQG� WR� WKH�PDLQ
FU\VWDOORJUDSKLF� GLUHFWLRQV� >���@�� >���@�
>���@�� UHVSHFWLYHO\�� ,W� IROORZV� IURP� 7DEOHV
������ DQG��� WKDW� WKH�&G�±[=Q[6E� VROLG� VROX�
WLRQV� H[KLELW� D� SURQRXQFHG� DQLVRWURS\� RI
HODVWLF�SURSHUWLHV��)RU�DOO� WKH�FRPSRVLWLRQV�
WKH�IROORZLQJ�LQHTXDOLWLHV�DUH�YDOLG�

&�����&�����&���������6���!�6���!�6��
&�����&�����&���������6���!�6���!�6��
(����(����(��������F��!�F��!�F��

���

ZKLFK�FRQILUP�WKDW�WKH�HODVWLFLW\�DQLVRWURS\
DQG� WKH� ELQGLQJ� IRUFH� FKDUDFWHU� DUH� PDQL�
IHVWHG� LQ� WKH� VDPH�PDQQHU� DORQJ� WKH�PDLQ
GLUHFWLRQV�LQ�WKH�FU\VWDOV�XQGHU�VWXG\�
7KH�FRQVLGHUDWLRQ�RI�GHYLDWLRQV�IURP�WKH

&DXFK\�UHODWLRQVKLSV
JNN� �&PQ���&��P�Q���P�Q�

�P��Q��N� ���������P�z�Q�z�N�
���

WDNLQJ� LQWR� DFFRXQW� WKH� VLJQV� DQG� DEVROXWH
YDOXHV�RI�WKH�JNN�WHQVRU�FRPSRQHQWV�>��@�KDVVKRZQ� WKDW� DV� WKH� =Q� FRQWHQW� LQ� WKH� VROLG
VROXWLRQV�ULVHV��WKH�LRQLF�ELQGLQJ�IUDFWLRQ�LQ
WKH� >���@� GLUHFWLRQ� GHFUHDVHV�� ,Q� IDFW�� DF�
FRUGLQJ� WR� ����� WKH� YDOXH� J��� 
�����������3D� IRU�=Q6E� �[� �����DW����=Q�
LV� DOPRVW� KDOI� RI� J��� ������������ 3D� IRU

7DEOH����(ODVWLF�FKDUDFWHULVWLFV�RI�&G�±[=Q[6E�VROLG�VROXWLRQV��(P��������3D��FP��FQ�� ���Ü���3DÜ��
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&G6E� �[� ��� DW� �� =Q��� 7KHVH� HVWLPDWLRQV
DUH� LQ� DJUHHPHQW� ZLWK� WKH� GDWD� IURP� >��@
ZKHUH� WKH� DOOR\LQJ� RI� &G6E� ZLWK� ]LQF� KDV
EHHQ� VKRZQ� WR� EH� DFFRPSDQLHG� E\� WKH� HOHF�
WURQ� GHQVLW\� UHGLVWULEXWLRQ� RQ� K\EULG� RUEL�
WDOV� RI�&G� DQG�=Q� DWRPV� UHVXOWLQJ� LQ� D� GH�
FUHDVH�RI�LRQLFLW\�LQ�WKH�VSHFLILHG�GLUHFWLRQ�

)URP� WKH� H[SHULPHQWDO� WHPSHUDWXUH� GH�
SHQGHQFHV� RI� WKH�86�SURSDJDWLRQ� VSHHG�� DOO
WKH� QLQH� LQGHSHQGHQW� FRPSRQHQWV�&PQ�7�� RIWKH� HODVWLF� FRQVWDQW� WHQVRU� IRU� WKH� VWXGLHG
VROLG� VROXWLRQV� ZLWKLQ� WKH� ��� WR� ���� .
UDQJH��$OO�WKH�&PQ�7��YDOXHV�GHSHQG�VOLJKWO\RQ�7�DQG�GHFUHDVH�PRQRWRQRXVO\��H[FHSW�IRU
&���7�� DQG� &���7�� WKDW� LQFUHDVH� OLQHDUO\�7KH�OLQHDULW\�LQ�&PQ�7��GHSHQGHQFHV�PDGH�LWSRVVLEOH�WR�GHWHUPLQH�WKH�ORJ�GHULYDWLYHV�RI
WKH�PDLQ�HODVWLF�SDUDPHWHUV�ZLWK�UHVSHFW�WR
WHPSHUDWXUH�� WKH� GDWD� REWDLQHG� DUH� SUH�
VHQWHG� LQ� 7DEOH���� 7KH� WHPSHUDWXUH� YDUL�
DWLRQ�LV�VHHQ�WR�DIIHFW�PRVW�FRQVLGHUDEO\�WKH
HODVWLF� FRQVWDQWV� &���� &���� &���� &���� ZLWKUHODWLYHO\� ODUJH� GHULYDWLYH� YDOXHV�� 7KHUH�
IRUH�� WKH� WHPSHUDWXUH� JUDGLHQWV� ZLOO� LQIOX�
HQFH� FRQVLGHUDEO\� WKH� ZHDNHQLQJ� RI� DWRPLF
LQWHUDFWLRQ� IRUFHV� XQGHU� WHQVLOH� �FRPSUHVV�
LQJ�� VWUDLQV� LQ� WKH� >���@� GLUHFWLRQ�� VKHDU
VWUDLQV� LQ� WKH� >���@� DQG� >���@� RQHV� DQG
WUDQVYHUVDO� FRXQWHUDFWLRQ� LQ� WKH� >���@� RQH�
,W�LV�DOVR�VHHQ�WKDW�DV�WKH�=Q�FRQWHQW�LQ�WKH
VROLG� VROXWLRQV� ULVHV�� WKH� GOQ&PQ�G7� YDOXHVGHFUHDVH� IRU� DOO� WKH� &PQ� YDOXHV�� H[FHSW� IRU&���� ZKLOH� WKH�GOQ&���G7� YDOXH� WKDW� VKRZVDQ�DQRPDO\�UHYHUVHV�LWV�VLJQ�IRU�=Q6E�
7KXV��GXULQJ�WKH�FDGPLXP�DQWLPRQLGH�DO�

OR\LQJ�ZLWK�]LQF��WKH�HOHFWURQ�GHQVLW\�LV�UH�
GLVWULEXWHG� EHWZHHQ� WKH� VWUXFWXUH� RUELWDOV
LQ� VXFK� D� PDQQHU� WKDW� WKH� VROLG� VROXWLRQ
FU\VWDO�ODWWLFH�WDNHV�DQ�HQKDQFHG�HODVWLF�VWD�
ELOLW\�� 0RUHRYHU�� LW� FDQ� EH� FRQFOXGHG� IURP

WKH�FRPSDULVRQ�DQG�FRQVLGHUDWLRQ�RI�WKH�UH�
VXOWV�REWDLQHG�WKDW�DV�WKH�=Q�FRQWHQW�LQ�WKH
&G�±[=Q[6E� VROLG� VROXWLRQV� ULVHV�� WKRVH� EH�FRPH�PRUH�LVRWURSLF�LQ�WKH�PHFKDQLFDO�SURS�
HUWLHV�DV�FRPSDUHG�WR�&G6E��7KH�ODWWHU�IDFW
LV�WR�DFFRXQW�IRU�ZKHQ�GHVLJQLQJ�DQLVRWURSLF
WKHUPRHOHPHQWV� EHLQJ� RSHUDWHG� XQGHU� WHP�
SHUDWXUH�JUDGLHQWV�

5HIHUHQFHV
� ���9�%�/D]DUHY�� 9�<D�6KHYFKHQNR�� <D�*�*ULQ�

EHUJ� HW� DO��� 6HPLFRQGXFWLQJ� &RPSRXQGV� RI
$,,%9� *URXS��1DXND��0RVFRZ� ������� >LQ�5XV�
VLDQ@��

� ���6�*�'UHPO\X]KHQNR�� &G6E� %DVHG� 6\VWHPV�
3KDVH� 'LDJUDPV�� 3UHSDUDWLRQ� DQG� 3URSHUWLHV
RI� $OOR\V�� 5XWD�� &KHUQLYWVL� ������� >LQ� 5XV�
VLDQ@�

� ���9�3�0LNKDOFKHQNR�� %�0�6KDUODL��8NU��)L]��=K��
����������������

� ���9�3�0LNKDOFKHQNR�� %�0�6KDUODL��8NU��)L]��=K��
����������������

� ���9�1�%DOD]\XN�� 9�3�0LNKDOFKHQNR�� ,�0�5DUHQNR
HW�DO���)L]��7YHUG��7HOD������������������
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