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WKHUPDO�DQDO\VLV�DQG�SRODUL]DWLRQ�PLFURVFRS\��(OHFWURQ�DEVRUSWLRQ�VSHFWUD�DQG�IOXRUHVFHQFH
VSHFWUD�RI�&R�,,��FDWLRQ�LQ�PHVRSKDVHV�DQG�JODVVHV�RI�WKH�ELQDU\�V\VWHP�KDYH�EHHQ�DQDO\]HG
DV�D�IXQFWLRQ�RI�WHPSHUDWXUH�DQG�WKH�FRQFHQWUDWLRQ�RI�WKH�FRPSRQHQWV��,W�KDV�EHHQ�VKRZQ
WKDW�RFWDKHGUDOO\�FRRUGLQDWHG�&R�,,�� LRQV�SUHYDLO� LQ�WKH�ELQDU\�V\VWHP��WKRXJK�WHWUDKHGUDO
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���,QWURGXFWLRQ
0HWDO� FDSU\ODWHV� EHORQJ� WR� DQ�XQFRQYHQ�

WLRQDO� FODVV� RI� LRQLF� PHWDO� DONDQRDWH� OLTXLG
FU\VWDOV� Û� LRQLF� PHWDOPHVRJHQV�� FKDUDF�
WHUL]HG� E\� D� ZLGH� WHPSHUDWXUH� UDQJH� RI
PHVRSKDVH� H[LVWHQFH�� LQWULQVLF� LRQLF� FRQGXF�
WLYLW\�� DQG�JRRG� DELOLW\� WR� VROYDWH� ERWK� FRP�
SRXQGV� RI�PROHFXODU� DQG� LRQLF� VWUXFWXUH� >�@�
0RUHRYHU�� WKH\� DUH� RI� VSHFLDO� LQWHUHVW� LQ� WKH
GHYHORSPHQW�RI�QRYHO�SKRWRUHIUDFWLYH�PDWHUL�
DOV�IRU�RSWRHOHFWURQLFV�� ODVHU�HQJLQHHULQJ�DQG
KRORJUDSK\�GXH�WR�WKH�SRVVLELOLW\�WR�IRUP�RS�
WLFDOO\� DQLVRWURSLF� JODVVHV� ZLWK� VPHFWLF� LRQLF
RUGHULQJ�LQ�PHWDO�DONDQRDWH�V\VWHPV�>�@�

$� ORZ�PHOWLQJ� YLWULILDEOH� PHVRPRUSKLF
PHWDO�DONDQRDWH� FRPSRVLWH� FDQ� EH� REWDLQHG
XVLQJ� PXOWLFRPSRQHQW� V\VWHPV� DV� ZHOO� DV
V\QWKHVL]LQJ� ORZ�PHOWLQJ� JODVV�IRUPLQJ
PHVRJHQLF� PHWDO� DONDQRDWHV�� ,W� LV� NQRZQ
WKDW�DPRQJ�PHWDO�DONDQRDWHV��WKH�DONDQRDWHV

RI� VRPH� ELYDOHQW�PHWDOV�� VXFK�DV� OHDG�� FDG�
PLXP�� DQG� WUDQVLWLRQ� �G� PHWDOV�� VKRZ� WKH
ORZHVW� PHOWLQJ� SRLQWV� DQG� WKH� DELOLW\� WR
RYHUFRROLQJ� DQG� YLWULILFDWLRQ� >����@�� 6WXGLHV
RI�WKH�VWUXFWXUH�SHFXOLDULWLHV�DQG�SURSHUWLHV
RI�WKHVH�FRPSRXQGV�LQ�GLIIHUHQW�DJJUHJDWLRQ
VWDWHV��PHOW��PHVRSKDVH��JODVV��DUH�QR�GRXEW
RI� DQ� LQWHUHVW� LQ� WKH� GHYHORSPHQW� RI� ERWK
WKH� VFLHQFHV� RI� JODVVHV� DQG� OLTXLG� FU\VWDOV
DQG�PDWHULDOV�VFLHQFH�

&R���LRQ�ZDV�XVHG�EHIRUH�E\�D�QXPEHU�RI
DXWKRUV� DV� D� SUREH�GRSDQW� IRU� WKH� GHWHUPL�
QDWLRQ�RI�WKH�VWUXFWXUH�RI�VDOW�PHOWV�DQG�RU
JODVVHV� LQ� YDULRXV� V\VWHPV� VXFK� DV� ERUDWHV
>����@�� FDUER[\ODWHV� >�Ü�@�� VXOIDWHV� >�@�� QL�
WUDWHV� >�@�� DQG� FKORULGHV� >��@�� ,Q� WKHVH
ZRUNV��GDWD�RQ�WKH�FRRUGLQDWLRQ�VWDWH�RI�FR�
EDOW�LRQV�LQ�JODVVHV�DQG�PHOWV�ZLWK�GLIIHUHQW
DFLG�EDVH�SURSHUWLHV�KDG�EHHQ�REWDLQHG�IURP
DEVRUSWLRQ� VSHFWUD�RI�&R��� LRQ�� ,W�KDG�EHHQ
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VKRZQ�WKDW�WKH�SUHGRPLQDQFH�RI�WKH�RFWDKH�
GUDO� RU� WHWUDKHGUDO� FRRUGLQDWLRQ� IRUP� RI
&R��� GHSHQGV� ERWK� RQ� WHPSHUDWXUH� DQG� RQ
WKH� QDWXUH� RI� OLJDQGV� VXUURXQGHG� E\� FREDOW
LRQV�>����@�

,W� WKLV�ZRUN�� WKH�SKDVH�GLDJUDP�RI� D� EL�
QDU\� FREDOW� �,,�� FDSU\ODWH�ODQWKDQXP� �,,�
FDSU\ODWH� V\VWHP�KDV� EHHQ� VWXGLHG�� DQG� WKH
FRQFHQWUDWLRQ� DQG� WHPSHUDWXUH� UDQJHV� RI
WKH� OLTXLG� FU\VWDO� DQG� JODVV� H[LVWHQFH� KDYH
EHHQ�GHWHUPLQHG��0RUHRYHU��HOHFWURQ�DEVRUS�
WLRQ� VSHFWUD� DQG� IOXRUHVFHQFH� VSHFWUD� RI
&R�,,�� FDWLRQ� LQ� PHVRSKDVHV� DQG� JODVVHV� RI
WKH�ELQDU\�V\VWHP�DV�D�IXQFWLRQ�RI�WHPSHUD�
WXUH� DQG� WKH� FRQFHQWUDWLRQ� RI� WKH� FRPSR�
QHQWV� KDYH� EHHQ� VWXGLHG� WR� REWDLQ� LQIRUPD�
WLRQ� RQ� WKH�PXWXDO� DUUDQJHPHQW� RI� LRQV� LQ
FDSU\ODWH�PHVRSKDVHV�DQG�JODVVHV�DQG�RQ�WKH
FRRUGLQDWLRQ� RI�&R�,,�� LRQV� LQ� WKH� FDSU\ODWH
OLJDQG�ILHOG�

���([SHULPHQWDO
0HWDO� FDSU\ODWHV� ZHUH� SUHSDUHG� E\

PHWDWKHVLV�E\�DGGLQJ�VDWXUDWHG�DTXHRXV�VR�
OXWLRQV� RI�&R�,,�� RU�/D�,,,�� QLWUDWH� WR� D� VROX�
WLRQ� RI� SRWDVVLXP� FDSU\ODWH� LQ� PHWKDQRO
�)OXND�� SXULVV� JUDGH��� 7KH� FDSU\ODWHV� RE�
WDLQHG� ZHUH� ZDVKHG� UHSHDWHGO\� ZLWK� KRW
ZDWHU� DQG� GULHG� LQ� D� YDFXXP�RYHQ� DW� ���&
IRU� D�GD\��7KH� ,5� VSHFWUD�GDWD�RI� WKH� VDOWV
V\QWKHVL]HG� LQGLFDWHG� WKH� DEVHQFH� RI�ZDWHU�
FDUER[\OLF� DFLG� DQG� QLWUDWH� VDOWV�� 7KH� FRQ�
VWLWXHQWV� ZHLJKHG� LQ� WKH� UHTXLUHG� PRODU
UDWLR� ZHUH� PL[HG� WKRURXJKO\� PHFKDQLFDOO\
DQG�PHOWHG�WRJHWKHU�LQ�DUJRQ�DWPRVSKHUH�WR
SUHYHQW� SRVVLEOH� GHFRPSRVLWLRQ� RI� VDPSOHV�
7KH� VDPSOHV� ZHUH� VWRUHG� LQ� GU\� DUJRQ� DW�
PRVSKHUH�� 7KH� SKDVH� HTXLOLEULXP� WHPSHUD�
WXUHV� LQ� ELQDU\� V\VWHPV� ZHUH� VWXGLHG� E\
SRO\WKHUPDO� SRODUL]DWLRQ� PLFURVFRS\� DQG
'7$��$�3DXOLN�3DXOLN�(UGH\�4������'�GHUL�
YDWRJUDSK� �+XQJDU\�� ZLWK� SODWLQXP�SODWL�
QXP�UKRGLXP� WKHUPRFRXSOH� �VWDQGDUG� VXE�
VWDQFH�$O�2���ZDV�XVHG��7KH�KHDWLQJ�UDWH�LQDOO� H[SHULPHQWV� ZDV� ���� GHJ�PLQ�� $Q� $P�
SOLYDO� KRW�VWDJH� SRODUL]LQJ� PLFURVFRSH� ZDV
XVHG� WR� LGHQWLI\� SRVVLEOH� PHVRSKDVH� DQG� WR
HVWLPDWH� WKH� FU\VWDO�PHVRSKDVH� �7P�� DQGPHVRSKDVH�LVRWURSLF� OLTXLG� �7FO�� SKDVH� HTXL�OLEULXP� WHPSHUDWXUHV�� 7KH� HOHFWURQ� DEVRUS�
WLRQ� VSHFWUD� RI� PHOWV� DQG� JODVVHV� ZHUH� UH�
FRUGHG� LQ� WKH����Ü����QP� UDQJH� RQ�D�3HU�
NLQ� (OPHU� 89�9,6� /DPEGD� ��
VSHFWURSKRWRPHWHU�ZLWK�KHDWLQJ�XQLW� �XS� WR
����&��� 4XDUW]� FHOOV� RI� ��� PP� WKLFNQHVV
ZHUH� XVHG�� 7KH� IOXRUHVFHQFH� VSHFWUD� ZHUH
UHFRUGHG�LQ�WKH����Ü����QP�UDQJH�RQ�D�3HU�
NLQ�(OPHU�/6����VSHFWURSKRWRPHWHU�XVLQJ�D
[HQRQ�DUFK�ODPS�DV�WKH�OLJKW�VRXUFH�

���5HVXOWV�DQG�GLVFXVVLRQ
7KH�SKDVH�WUDQVLWLRQ�WHPSHUDWXUHV�RI�WKH

LQGLYLGXDO�VDOWV�V\QWKHVL]HG�DJUHH�ZHOO�ZLWK
OLWHUDWXUH�GDWD�>������@��)RU�LQVWDQFH��FREDOW
FDSU\ODWH� �&�+��&22��&R� PHOWV� DW� ���&� WRIRUP�D�VPHFWLF�PHVRSKDVH�DV�D�ELUHIULQJHQW
OLTXLG� ZLWK� IHHEO\� PDUNHG� PLFURVFDOH� WH[�
WXUH� �SHUKDSV� EHFDXVH� RI� VWURQJ� WUHQG� WR
KRPHRWURSLF�RULHQWDWLRQ�RI�OLTXLG�FU\VWDOOLQH
GRPDLQV���ZKLFK�FOHDUV�DW�����&�LQ�DJUHHPHQW
ZLWK� OLWHUDWXUH� GDWD� >��@�� 7KH� LVRWURSLF�PHOW
VKRZV�GHFRPSRVLWLRQ�VLJQV�QHDU�����&��&REDOW
FDSU\ODWH� PHVRSKDVH� YLWULILHV� RQ� FRROLQJ�
/DQWKDQXP�FDSU\ODWH��&�+��&22��/D� H[KLELWVD� FU\VWDO�XQLGHQWLILHG�PHVRSKDVH�0� WUDQVL�
WLRQ�DW����&��WKHQ�D�VPHFWLF�PHVRSKDVH�$�LV
IRUPHG� DW� ����&�� ZKLFK� FOHDUV� DW� ����&
>��@��7KH�PHVRSKDVH�YLWULILHV�RQ�FRROLQJ�

7KH� SKDVH� GLDJUDP� RI� WKH
^[�&�+��&22��&R�������±[��&�+��&22��/D`ELQDU\� V\VWHP� LV� SUHVHQWHG� LQ� )LJ����� ,W� LV
VHHQ� WKDW� FRQWLQXRXV� VPHFWLF� OLTXLG�FU\VWDO�
OLQH�VROXWLRQV�DUH�IRUPHG�LQ�WKH�V\VWHP�GXH
WR� DQ� HXWHFWLF� UHDFWLRQ� EHWZHHQ� WKH� SXUH
FRPSRQHQWV�DW����&��²� ����PRO���$GGLWLRQ
RI� FREDOW� FDSU\ODWH� LQ� HYHQ� VPDOO� DPRXQWV
����PRO���� WR� ODQWKDQXP� FDSU\ODWH� UHVXOWV
LQ�WKH�GHJHQHUDF\�RI�WKH�XQLGHQWLILHG�PHVR�
SKDVH�0��:H�IDLOHG�WR�FRQVWUXFW�ZKROO\�WKH
FXUYH� RI� PHVRSKDVH� FOHDULQJ� WHPSHUDWXUHV
LQ� WKH� V\VWHP� EHFDXVH� WKH� PHVRSKDVH� WH[�
WXUH� RI� ELQDU\� FRPSRVLWHV� ZDV� SVHXGRLVRW�
URSLF�ZKHQ�REVHUYHG�LQ�SRODUL]HG�OLJKW��SHU�

)LJ����� 3KDVH� GLDJUDP� RI� WKH
^[�&�+��&22��&R�������±[��&�+��&22��/D`ELQDU\�V\VWHP������6/D���/&������/&���6&R�����6/D���6&R�DUH�WZR�SKDVH�UHJLRQV��ZKHUH�6/D��6&RDUH�ODQWKDQXP�DQG�FREDOW�FDSU\ODWH�VROLG�SKDVHV�
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KDSV�EHFDXVH�RI�VWURQJ�WUHQG�WR�KRPHRWURSLF
RULHQWDWLRQ� RI� OLTXLG�FU\VWDOOLQH� GRPDLQV�
)RU�WKH�ELQDU\�V\VWHP�RI�FREDOW�DQG�ODQWKD�
QXP�FDSU\ODWHV�� WKH� IRUPDWLRQ�RI�PHVRPRU�
SKLF�JODVVHV�WDNHV�SODFH�LQ�WKH�ZKROH�FRQFHQ�
WUDWLRQ�UDQJH�

7R� HVWDEOLVK� WKH� FRRUGLQDWLRQ� VWDWH� RI
&R�,,�� LRQV� VXUURXQGHG� E\� FDSU\ODWH� OLJDQGV
LQ�OLTXLG�FU\VWDOOLQH�PHOWV�DQG�JODVVHV�RI�WKH
ELQDU\�FREDOW�FDSU\ODWH�ODQWKDQXP�FDSU\ODWH
V\VWHP�� HOHFWURQ� DEVRUSWLRQ� DQG� IOXRUHV�
FHQFH� VSHFWUD� KDYH� EHHQ� FRQVLGHUHG�� 7KH
JODVVHV� IRUPHG� LQ� WKH� ELQDU\� V\VWHP� DUH� RI
SLQN� FRORU�� WKH� FRORUDWLRQ� EHFRPLQJ� PRUH
LQWHQVH�ZLWK�LQFUHDVLQJ�FREDOW�FDSU\ODWH�FRQ�
FHQWUDWLRQ�� )RU� DOO� VDPSOHV�� D� WKHUPR�
FKURPLF� HIIHFW� ZDV� REVHUYHG�� L�H�� FRORU
FKDQJH� ZLWK� WHPSHUDWXUH� FKDQJH�� $W� WHP�
SHUDWXUHV� DERYH� ����&�� WKH� FRORU� RI� WKH
PHVRSKDVH�REWDLQHG�ZDV�DOZD\V�EOXH��DQG�RQ
FRROLQJ� WR� URRP� WHPSHUDWXUH�� WKH� VDPSOHV
WXUQHG� SLQN�� ,Q� DOO� FDVHV�� WKH� WHPSHUDWXUH�
LQGXFHG�FRORU�FKDQJHV�ZHUH�UHYHUVLEOH�

7KH�&R�,,��LRQ�KDV�WKH�HOHFWURQ�FRQILJXUD�
WLRQ�G���$OO�FRRUGLQDWLRQ�QXPEHUV�IURP���WR
��DUH�NQRZQ�IRU� LW��EXW� WKH�QXPEHUV��� �RF�
WDKHGUDO�FRPSOH[HV��DQG����WHWUDKHGUDO�FRP�
SOH[HV�� DUH� SUHGRPLQDQW�� $FFRUGLQJ� WR� WKH
7DQDEH�6XJDQR� GLDJUDP� >��@�� WKUHH� WUDQVL�
WLRQV�FDQ�PDQLIHVW�WKHPVHOYHV�LQ�RFWDKHGUDO
FREDOW� �,,�� FRPSOH[HV�� �7�J��)��o��7�J��3�
�Q�����7�J��)��o���$�J��)���Q���� DQG��7�J��)��o�

�7�J��)�� �Q���� 7KH� DEVRUSWLRQ� EDQG� Q�� LV� LQ
WKH� QHDU� ,5� UHJLRQ� ZKLOH� Q�� DQG� Q�� LQ� WKH
YLVLEOH�UHJLRQ��Q��EHLQJ�OHVV�LQWHQVH�WKDQ�Q��$FFRUGLQJ� WR� WKH� 7DQDEH�6XJDQR� GLD�
JUDP��WKUHH�WUDQVLWLRQV��WRR��PDQLIHVW�WKHP�
VHOYHV� LQ� WHWUDKHGUDO� FREDOW� �,,�� FRPSOH[HV�
�$���)��o��7���3���Q�����$���)��o���7���)���Q���
DQG� �$���)��o�� �7���)�� �Q���� )RU� WHWUDKHGUDO
FRPSOH[HV��RQO\�RQH�DEVRUSWLRQ�EDQG�Q��LV�LQWKH� YLVLEOH� UHJLRQ�� WZR� RWKHU� O\LQJ� LQ� WKH
QHDU�,5�UHJLRQ�>������@�

7KH� HOHFWURQ� DEVRUSWLRQ� VSHFWUXP� RI
PHVRPRUSKLF� FREDOW� FDSU\ODWH� JODVV� �)LJ����
LV� D� EURDG� EDQG� LQ� WKH� ���Ü���� QP� UDQJH
ZLWK�PD[LPXP�DW� ������ QP� DQG� LV� FKDUDF�
WHUL]HG� E\� D� SURQRXQFHG� VKRXOGHU� DW
������QP��7KH�EURDG�DEVRUSWLRQ�EDQG�RI�XQ�
UHVROYHG�VWUXFWXUH� LQ�OLTXLG�FU\VWDOOLQH�PHOW
RU� JODVV�ZLWK� KLJK� FREDOW� LRQ� FRQFHQWUDWLRQ
LQGLFDWHV� WKH� FRH[LVWHQFH� RI� VHYHUDO� &R�,,�
LRQ�FRRUGLQDWLRQ�IRUPV��7KH�HOHFWURQ�DEVRUS�
WLRQ�VSHFWUXP�H[SDQVLRQ�LQWR�*DXVVLDQ�FRP�
SRQHQWV� LQGLFDWHV�WKH�SUHVHQFH�RI�WZR�&R�,,�
LRQ�FRRUGLQDWLRQ�IRUPV��WKH�EDQGV�ZLWK�PD[�
LPD�DW�����QP���7�J��)��o���7�J��3��WUDQVLWLRQ�
DQG�����QP���7�J��)��o���$�J��)��WUDQVLWLRQ�DUH� W\SLFDO� RI� RFWDKHGUDOO\� FRRUGLQDWHG
&R�,,�� LRQV��DQG� WKH�EDQG�ZLWK�PD[LPXP�DW
���� QP� ��$���)��o��7���3�� WUDQVLWLRQ�� LVW\SLFDO� RI� WHWUDKHGUDO� FRPSOH[HV�� 7DNLQJ
LQWR�DFFRXQW�WKH�IDFW�WKDW�WKH�PRODU�DEVRUS�
WLRQ� FRHIILFLHQW� IRU� WHWUDKHGUDO� &R�,,�� FRP�
SOH[HV� LV� PXFK� KLJKHU� WKDQ� IRU� RFWDKHGUDO
FRPSOH[HV��LW�FDQ�EH�DVVXPHG�EDVLQJ�RQ�)LJ�
�� WKDW� WKH� SUHGRPLQDQW� FRRUGLQDWLRQ� IRUP
RI�&R�,,�� LRQV� LQ�SXUH�FREDOW�FDSU\ODWH�JODVV
RU� PHVRPRUSKLF� PHOW� LV� RFWDKHGUDO� RQH�

)LJ����� 2SWLFDO� DEVRUSWLRQ� VSHFWUXP� RI� &R��
LRQV� LQ�PHVRPRUILF�&R�&�+��&22��� JODVV� ����H[SDQGHG� LQWR� *DXVVLDQV�� DQG� IOXRUHVFHQFH
VSHFWUXP�����

)LJ����� � 2SWLFDO� DEVRUSWLRQ� VSHFWUD� RI� &R�,,�
LRQV�LQ�WKH�PROWHQ�^[�&�+��&22��&R���
����Ü[��&�+��&22��/D`� V\VWHP� RI� HTXLPRODUFRPSRVLWLRQ�DW�GLIIHUHQW�WHPSHUDWXUHV��7�� Å&�
�Ü�����Ü�����Ü������Ü������Ü������Ü����
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WKRXJK�WHWUDKHGUDO�FRRUGLQDWLRQ�IRUP�LV�DOVR
SUHVHQW�

7KH�SUHVHQFH� RI� WHWUDKHGUDO� FRRUGLQDWLRQ
IRUPV� LQ�FREDOW�FDSU\ODWH�JODVV� LV�DOVR� LQGL�
FDWHG� E\� IOXRUHVFHQFH� VSHFWUXP� �)LJ������ ,Q
WKH� UDQJH� VWXGLHG� ����Ü���� QP��� RQO\� RQH
IOXRUHVFHQFH�EDQG�SHDNHG�DW�����QP�ZDV�RE�
VHUYHG�� ZKLFK� FRUUHVSRQGV� WR� WKH
�7���3��o��$���)�� WUDQVLWLRQ�� ZKLFK� FKDUDF�WHUL]HV� WKH� SUHVHQFH� RI� WHWUDKHGUDO� FRRUGL�
QDWHG�&R�,,�� LRQV� >������@��7KH�6WRNHV� VKLIW�
IRU�ZKLFK�IDVW�UHOD[DWLRQ�WR�WKH�ORZHU�YLEUD�
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