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7KH� UHJXODU�SDWWHUQV�REWDLQHG�E\�PL[LQJ�RI� WZR�ELSKDVLF� IOXLG� V\VWHPV� �GLVSHUVLRQV�RI�
IOXLGV�$�DQG�%� LQ�D� OLTXLG�&��ZKHUH�$�DQG�%�DUH�DOVR� LPPLVFLEOH���FRQILQHG�EHWZHHQ�WZR�
SDUDOOHO�SODWHV��DUH�VWXGLHG��2XU�DWWHQWLRQ�LV�OLPLWHG�WR�FRQFHQWUDWHG�DQG�ELGLVSHUVH�V\VWHPV�
FRQVLVWLQJ�RI�HTXDO�VL]H�±�LI�RI�WKH�VDPH�FRPSRVLWLRQ�±�FHOOV�VHSDUDWHG�E\�D�WKLQ�OLTXLG�ILOP��
2Q� WKH� EDVLV� RI� WKH� LQWHUIDFLDO� HQHUJ\� FDOFXODWLRQV� WKH� SVHXGR�SKDVH� GLDJUDPV� DUH�
FRQVWUXFWHG��7KH�GLDJUDPV�LQGLFDWH�WKH�FRQGLWLRQV�XQGHU�ZKLFK�WKH�WKUHH�SKDVH�PL[WXUHV�RI�
FHOOXODU� IOXLGV� DUH� VWDEOH��$QLVRWURS\� RI� WKH� UHVLVWDQFH� DQG� WKH� OLJKW� WUDQVPLWWDQFH�RI� VXFK�
ZHOO�RUGHUHG�VWUXFWXUHV�DUH�DOVR�GHPRQVWUDWHG���

7KH� FHOOXODU� IOXLGV� DUH� WKH� V\VWHPV� FRQVLVWLQJ� RI� D� FROOHFWLRQ� RI� IOXLG� FHOOV�
VXUURXQGHG� E\� D� FRQWLQXRXV� OLTXLG� SKDVH� WHQGLQJ� WR�PLQLPL]H� LWV� VXUIDFH�� 7KH\� DUH�
UHSUHVHQWHG� E\� WKH� GUDLQHG� IRDPV� �L�H�� IRDPV� KDYLQJ� D� YHU\� ORZ� OLTXLG� IUDFWLRQ�� RU�
FRQFHQWUDWHG� HPXOVLRQV� �L�H�� HPXOVLRQV� KDYLQJ� D� YROXPH� IUDFWLRQ� RI� WKH� GLVSHUVHG�
OLTXLG�PXFK�KLJKHU�WKDQ�WKH�FULWLFDO�YROXPH�IUDFWLRQ�QHFHVVDU\�IRU�WKH�FORVH�SDFNLQJ�RI�
DQ�HTXLYDOHQW�VXVSHQVLRQ�RI�KDUG�VSKHUHV���7KHVH�V\VWHPV�FDQ�IRUP���DV�D�UHVXOW�RI�WKH�
LQWHUIDFH� HQHUJ\� PLQLPL]DWLRQ� ±� ZHOO� RUGHUHG� VWUXFWXUHV�� ZKLFK� DUH� RI� SRWHQWLDO�
SUDFWLFDO�LPSRUWDQFH�LQ�IDEULFDWLRQ�RI�VWUXFWXUHG�PDWHULDOV��

5HFHQWO\��ZH�KDYH�VKRZQ�WKDW�XQGHU�VRPH�FRQGLWLRQV�WKH�PL[LQJ�RI�WZR�GLIIHUHQW�
PRQRGLVSHUVH� FHOOXODU� IOXLGV�� FRQILQHG� EHWZHHQ� WZR�SDUDOOHO� SODWHV��PD\� OHDG� WR� WKH�
VSRQWDQHRXV�IRUPDWLRQ�RI�KLJKO\�RUJDQL]HG�VWDEOH�VWUXFWXUHV�>�@��,Q�WKLV�VWXG\�ZH�KDYH�
LQYHVWLJDWHG�WKH�SURSHUWLHV�RI�WKHVH�WZR�GLPHQVLRQDO�VWUXFWXUHV��ZLWK�VSHFLDO�DWWHQWLRQ�
WR�WKH�SURSHUWLHV�UHOHYDQW�WR�WKH�PDWHULDO�VFLHQFH��
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��

���02'(/�

���)LJ�����6WUXFWXUHV�RI�RUGHUHG�PL[WXUHV�RI�$��ZKLWH��DQG�
%��JUD\��FHOOV�FRQVLGHUHG��7KH�VWUXFWXUHV�UHSUHVHQW�WKH�
IROORZLQJ�WLOLQJV���������) ������������������)��������
������) �������±�����������)��������

:H�FRQVLGHU� D� WKUHH�SKDVH� V\VWHP�
PDGH�RI�IOXLGV�$�DQG�%�GLVSHUVHG�LQ�
D� OLTXLG� &�� ,Q� RUGHU� WR� IRUFH� D� �'�
VWUXFWXUH�� WKH� V\VWHP� LV� FRQILQHG�
EHWZHHQ� WZR� SDUDOOHO� SODWHV�� 7KH�
YROXPH� RI� WKH� GLVSHUVLRQ�PHGLXP�&�
LV� VR� ORZ� WKDW� WKH� V\VWHP� FDQ� EH�
YLHZHG�DV�D�QHWZRUN�RI�SRO\JRQ�FHOOV�
FRPSRVHG� RI� $� DQG� %� IOXLGV��
VHSDUDWHG� E\� WKLQ� OLTXLG� ILOPV� PDGH�
RI� SKDVH� &�� 7KH� HQHUJ\� RI� VXFK� D�
V\VWHP� LV� MXVW� WKH� LQWHUIDFLDO� HQHUJ\��
7KH�QHWZRUN�LV�FRPSRVHG�RI�FOXVWHUV��
(DFK��FOXVWHU��LQFOXGHV��RQH�FHOO�PDGH���

RI�IOXLG�$�GHFRUDWHG�E\�WZR�FHOOV�RI�IOXLG�%��VHH�)LJ�����7KH�LQWHUIDFLDO�WHQVLRQV�DFWLQJ�
DORQJ� $±&� DQG� %±&� LQWHUIDFHV� DUH� GLIIHUHQW�� 7KH� V\VWHP� XQGHU� FRQVLGHUDWLRQ� LV�
DVVXPHG� WR� EH� DQ� XQERXQGHG� QHWZRUN� �RU� D� QHWZRUN� ODUJH� HQRXJK� WR� QHJOHFW� WKH�
SUHVHQFH�RI�SHULSKHUDO�FOXVWHUV���

7KH�LQWHUIDFLDO�HQHUJLHV�RI�IRUPDWLRQ�RI�ERXQGDU\�ILOPV�EHWZHHQ�FHOOV��(��ERWK�IRU�
WKH�PL[HG��(0��DQG�WKH�VHSDUDWHG��('��FHOOXODU�V\VWHPV��KDYH�EHHQ�FDOFXODWHG�IURP�WKH�
HTXDWLRQ��

� �\[ JJ � ¦
L

L/G( ��������������������������������������������������������������������������������������

ZKHUH�/L�LV�WKH�OHQJWK�RI�WKH�L�WK�ILOP��J[�DQG�J\�LQGLFDWH�WKH�LQWHUIDFLDO�WHQVLRQV�DW�ERWK�
VLGHV� RI� WKH� ILOP��G� LV� WKH�GLVWDQFH�EHWZHHQ�SODWHV��7KH�RSWLPL]DWLRQ�SURFHGXUH�ZDV�
DSSOLHG� WR� VHDUFK� IRU� WKH� FXUYDWXUHV� RI� SRO\JRQ� VLGHV� WKDW� ZRXOG� JXDUDQWHH� WKH�
PLQLPXP�LQWHUIDFLDO�HQHUJ\�RI�WKH�SDWWHUQV�VWXGLHG����

���5(68/76�$1'�',6&866,21�
7KH� WUDQVIRUPDWLRQ� RI� WZR� ELSKDVLF� PRQRGLVSHUVH� V\VWHPV� LQWR� WKH� WKUHH�SKDVH�

PL[WXUH�RFFXUV�ZKHQ�(0�('�����$V�ZH�KDYH�VKRZQ�LQ�RXU�HDUOLHU�VWXGLHV�>�@��WKHUH�DUH�
YDOXHV�RI�UHODWLYH�LQWHUIDFLDO�WHQVLRQ�J%�J$���ZKHUH�LQGLFHV�$�DQG�%�VWDQG�IRU�$�&�DQG�
%�&� LQWHUIDFHV�� UHVSHFWLYHO\�� DQG� YROXPH� IUDFWLRQV� RI� IOXLG� $�� )�� IRU� ZKLFK� WKLV�
FRQGLWLRQ� LV� VDWLVILHG�� ,Q�)LJ�� �� WKH�SORW�RI�J%�J$� YHUVXV�)� �ZKHQ�(0�(' �LV� VKRZQ��
7KH�REWDLQHG�OLQHV�GLYLGH�WKH�SODQH�LQWR�UHJLRQV�FRUUHVSRQGLQJ�WR�PL[HG�RU�VHSDUDWHG�
GLVSHUVLRQV�� )LJ�� �� UHVHPEOHV� D� SKDVH� GLDJUDP�� LW� GRHV� QRW� GHVFULEH�� KRZHYHU��
SDUWLFXODU�SKDVHV�LQ�DQ�HTXLOLEULXP�VWDWH�EXW�RQO\�LQGLFDWHV�LQ�ZKLFK�UHJLRQV�WKH�WKUHH�
SKDVH�PL[WXUH�RI�IOXLG�ELSKDVLF�PRQRGLVSHUVH�V\VWHPV�LV�VWDEOH�DQG�LQ�ZKLFK�LW�EUHDNV�
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XS� LQWR� WZR� VHSDUDWH� GLVSHUVLRQV��$V� VKRZQ� LQ� WKLV� SVHXGR�SKDVH� GLDJUDP� WKHUH� DUH�
WZR� UHJLRQV�RI� WKH�PL[WXUH� LQVWDELOLW\��RQH�RFFXUULQJ�DW� VPDOO�)��YDOXHV�DQG�DQRWKHU�
IRUPLQJ�³DQ�LVODQG´�LQ�WKH�PLGGOH�RI�WKH�SORW�DQG�HQFORVLQJ�WKH�FXUYH�UHSUHVHQWLQJ�WKH�
�����WLOLQJ���
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)LJ�� ��� 7KH� J%�J$�YHUVXV�)� � GLDJUDP� �WKH� JUD\�
DUHDV�FRUUHVSRQG�WR�VWDEOH�PL[WXUHV����

)LJ�� ��� � 7KH� S90�5J7±YHUVXV±[$� GLDJUDP�
VKRZLQJ� WKH� VWDELOLW\�LQVWDELOLW\� UHJLRQV� RI�
IRDP�HPXOVLRQ�PL[WXUHV��D��ZLWK�$�DQG�E��ZLWK�
%�SKDVH�JDVHRXV���

:KHQ� RQH� RI� WKH� GLVSHUVHG� SKDVHV� LV� JDV�� D� VWURQJ� GHSHQGHQFH� RI� WKH� V\VWHP¶V�
EHKDYLRU� RQ� WHPSHUDWXUH� DQG�RU� SUHVVXUH� FDQ� EH� REVHUYHG�� 'LDJUDPV� VKRZLQJ� WKH�
VWDELOLW\�LQVWDELOLW\�UHJLRQV�RI�IRDP�HPXOVLRQ�PL[WXUHV�IRU�DQ�DUELWUDULO\�WDNHQ�YDOXH�RI�
J%�J$ ����� DUH� SUHVHQWHG� LQ� )LJ�� �� DV� D� IXQFWLRQ� RI� WKH�PRODU� IUDFWLRQ�� [$�� DQG� WKH�
GLPHQVLRQOHVV��S9P��57�UDWLR��ZKHUH�S�LV�WKH�SUHVVXUH��9P�±�WKH�PRODU�YROXPH��5�±�WKH�
JDV�FRQVWDQW�DQG�7�±�WKH�WHPSHUDWXUH���2QH�FDQ�ILQG�WKH�GLDJUDPV�REWDLQHG�IRU�WKH�WZR�
V\VWHPV� FRQVLGHUHG� �L�� H��� ZLWK� JDVHRXV�$� RU� %� SKDVH�� WR� EH� DQWLV\PPHWULFDO��$V� D�
UHVXOW�� WKH� EHKDYLRU� RI� WKH� IRDP�HPXOVLRQ� V\VWHP�� WKDW� LV� WKH�PL[LQJ�DELOLW\� DQG� WKH�
SDUWLFXODU� WLOLQJ� IRUPDWLRQ�� FDQ� EH� FRQWUROOHG� E\� WHPSHUDWXUH� RU�DQG� SUHVVXUH�� WKLV�
PLJKW�EH�D�XVHIXO�SURSHUW\�IRU�JHQHUDWLQJ�FRPSOH[�PHVRVFRSLF�VWUXFWXUHV��

)RU�WKH�VDNH�RI�LOOXVWUDWLRQ�RI�DQLVRWURSLF�SURSHUWLHV�RI�VWDEOH�PL[WXUHV�RI�FHOOXODU�
IOXLGV� XQGHU� LQYHVWLJDWLRQ�� ZH� KDYH� HVWLPDWHG� DQJXODU� GHSHQGHQFLHV� RI� HOHFWULF�
UHVLVWDQFH�DQG�OLJKW�WUDQVPLWWDQFH�IRU�VRPH�H[HPSODU\�VWUXFWXUHV��&DOFXODWLRQV�RI�WKH�
HOHFWULF�UHVLVWDQFH�ZHUH�PDGH�XQGHU�DVVXPSWLRQ�WKDW�WKH�OLTXLG�&��ILOP��ZDV�WKH�RQO\�
FRQGXFWLQJ�SKDVH� LQ� WKH�V\VWHP�� ,Q� WKH�FDOFXODWLRQV�RI� WKH� OLJKW� WUDQVPLWWDQFH� LW�ZDV�
DVVXPHG�WKDW�WKH�OLTXLG�%�ZDV�WKH�RQO\�OLJKW�DEVRUELQJ�SKDVH�DQG�WKDW�WKH�WKLFNQHVV�RI�
DEVRUELQJ�VDPSOH�ZDV�ORZ��HTXDO�WR�WHQ�FOXVWHU�OHQJWKV���7KH�UHVXOWV�DUH�SUHVHQWHG�LQ�
)LJV���DQG����7KH�DQJXODU�GHSHQGHQFLHV�DUH�IRXQG�IRU�ERWK�SURSHUWLHV�H[DPLQHG��7KH�
UHVLVWDQFHV�RI�������DQG�WKH�KRQH\FRPE�VWUXFWXUHV�DUH�VLPLODU�ERWK�LQ�WKHLU�YDOXHV�DQG�
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DQJXODU� GHSHQGHQFLHV� ZKHUHDV� WKRVH� IRU� WKH� VWUXFWXUH� ����� QRW� RQO\� WDNH� GLIIHUHQW�
YDOXHV� EXW� DOVR� WKH� GHSHQGHQFH� LV� UHYHUVHG�� 7KH� DQJXODU� GHSHQGHQFH� RI� OLJKW�
WUDQVPLWWDQFH� FDQ� EH� REVHUYHG� DW� GLIIHUHQW� YROXPH� IUDFWLRQV� �DV� VHHQ� LQ� )LJ�� ���
ZKHUHDV� WKH� KRQH\FRPEV� PDGH� RI� $� RU� %� FHOOV� RQO\� �)� �� RU� ��� UHVSHFWLYHO\�� DUH�
LVRWURSLF���
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)LJ�� ��� $Q� DQJXODU� GHSHQGHQFH� RI� WKH� UHODWLYH�
HOHFWULFDO�UHVLVWDQFH�IRU�GLIIHUHQW�)��YDOXHV��

)LJ�� ��� $Q� DQJXODU� GHSHQGHQFH� RI� WKH� OLJKW�
WUDQVPLWWDQFH��WKH�VDPSOH�OHQJWK�FRUUHVSRQGV�WR�
���FOXVWHU�OHQJWKV��WKH�H[WLQFWLRQ�FRHIILFLHQWV�RI�
%�FHOOV�ZDV�HTXDO�WR������

�
7KH� UHVXOWV� REWDLQHG� SRLQW� WR� WKH� SUDFWLFDO� DVSHFWV� RI� WKH� VWXGLHV� FRQFHUQLQJ� WKH�

FHOOXODU� IOXLGV�� LQGLFDWLQJ� SRWHQWLDO� DSSOLFDWLRQV� RI� VXFK� V\VWHPV�� IRU� LQVWDQFH�� DV�
LQWHUIHUHQFH� ILOWHUV� RI� HOHFWURPDJQHWLF� UDGLDWLRQ� RI� WKH�ZDYHOHQJWK� FRPSDUDEOH�ZLWK�
WKH�QHWZRUN�FRQVWDQW�RI�WKH�FHOOXODU�V\VWHP��
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*RQH�SLDQ\� L�HPXOVMH� �Sá\Q\�NRPyUNRZH��XPLHV]F]RQH�SRPL
G]\�GZLHPD�UyZQROHJá\PL�Sá\WDPL�
WZRU]�� VLHü� Z\SHáQLDM�F\FK� SáDV]F]\]Q
� ZLHORERNyZ�� 7RSRORJLD� WDNLFK� XNáDGyZ� MHVW� RNUH�ORQD� SU]H]�
QDSL
FLH�PL
G]\ID]RZH��J��G]LDáDM�FH�QD�JUDQLF\�R�URGNyZ�NRPyUND�±�R�URGHN�G\VSHUV\MQ\��2SUDFRZDQR�
GLDJUDP�SVHXGR�ID]RZ\�RNUH�ODM�F\�VWUXNWXU
�Sá\QX�NRPyUNRZHJR�MDNR�IXQNFM
�XáDPND�REM
WR�FLRZHJR��
ZDUWR�FL� J� GOD� REX� W\SyZ� NRPyUHN�� LFK� VNáDGX�� FL�QLHQLD� L� WHPSHUDWXU\�� 6WZLHUG]RQR�� *H� PDWHULDá\� R�
Z\VRNLP� VWRSQLX� PH]RVNRSRZHJR� XSRU]�GNRZDQLD� Z\ND]XM�� DQL]RWURSL
� RSRUX� HOHNWU\F]QHJR� RUD]�
WUDQVPLWDQFML��ZLDWáD��


