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7KLV� ZRUN� FRQVLVWV� RI� D� UHSUHVHQWDWLRQ� RI� � WKH�V\VWHPV� WKHUPRIOXLGHV�E\� WKH�DSSURDFK�RI� WKH�ERQG�JUDSKV� � PXOWL�HQHUJLHV�� � ,Q� IDFW�� ZH� JR� HYHQ� D�SRVVLELOLW\� RI� FKHFNLQJ� WKH� � SURSHUW\� VWUXFWXUDO� RI�PRQLWRUDELOLW\ RI� DOO� WKH� FRPSRQHQWV� ERQG� � JUDSK��GLUHFWO\� VWDUWLQJ� IURP� WKH�PRGHO�ERQG�JUDSK�PXOWL�HQHUJLHV���ZLWKRXW�WKH�QHHG�IRU�JHQHUDWLQJ�DQDO\WLFDO�UHODWLRQV� RI� UHGXQGDQFLHV� � RU� DQ\� RWKHU� QXPHULFDO�FDOFXODWLRQ�.H\� ZRUGV�� � %RQG� JUDSK�� PXOWL�HQHUJ\� %RQG�JUDSK�� � FDXVDOLW\�� PXOWL�FDXVDOLW\�� PXOWLJUDSKH��0RQLWRULQJ�DELOLW\����RSHUDWLRQ�RI�FRXSOLQJ���
�� ,QWURGXFWLRQ�

7KH� ERQG� JUDSK� �EJ�� PHWKRGRORJ\� LV� ZLGHO\�SUHVHQWHG� IRU� PRGHOOLQJ� WKH� SXUSRVH�� EXW� RQO\� IHZ�SDSHUV� GHDOV� ZLWK� PRQLWRULQJ� RI� WKH� V\VWHPV� XVLQJ��WKH�ERQG�JUDSK�WRRO���7DJLQD� H[SRVHG� LQ� >��@� D� PHWKRG� ZKLFK�SURGXFHV� DQDO\WLFDO� UHGXQGDQF\� UHODWLRQV� �$55V��GLUHFWO\�IURP�WKH�ERQG�JUDSK�PRGHOOLQJ���$�55$�LV�D�UHODWLRQVKLS�EHWZHHQ�D�VHW�RI�NQRZQ�YDULDEOHV� �RI� WKH� �PHDVXUHG� RU� GHGXFHG� YDULDEOHV���7KLV� GHWHUPLQDWLRQ� RI� DQDO\WLFDO� UHODWLRQV� RI�UHGXQGDQFLHV�LV�EDVHG�RQ��WKH�DQDO\VLV�RI�WKH�FDXVDO�SDWK��7KH�LQQRYDWLYH� LQWHUHVW� LV� WKH�XVH�RI�RQO\�RQH�UHSUHVHQWDWLRQ� �WKH� ERQG� JUDSK�� IRU� PRGHOOLQJ� DQG�PRQLWRULQJ�WKH�V\VWHP��,Q� WKLV� DUWLFOH�� ZH� GHYHORS� WKLV� PHWKRG� LQ� WKH�FDVH�RI�WKH�QRQ�OLQHDU��PXOWL�HQHUJ\�V\VWHPV��$IWHU� KDYLQJ� GHILQHG� WKH� PHWKRGRORJ\� RI� WKH�ERQG� JUDSKV� PRQR�HQHUJLHV� LQ� WKH� VHFRQG� VHFWLRQ��ZH� ZLOO� VHH� WKH� JHQHUDOLVDWLRQ� RI� WKH� ERQG� JUDSKV��PXOWL�HQHUJLHV� LQ� WKH� WKLUG� VHFWLRQ�� � 7KH� IRXUWK�VHFWLRQ� LV� GHYRWHG� WR� � WKH� VWXG\� RI� WKH�PRQLWRULQJ�DELOLW\�RI�DOO�WKH�FRPSRQHQWV�LQ�WKH�JHQHUDO��FDVH�E\�

XVLQJ� WKH�PXOWL�HQHUJLHV� ERQG�JUDSKV� E\� LQWURGXFWLRQ�RI� WKH� � WKHRU\� RI� WKH�PXOWLJUDSKHV�� �:H� ILQLVK� ILQDOO\�E\�D�FRQFOXVLRQ���
�� %RQG�JUDSK�

%RQG� JUDSK� LQWURGXFHG� E\� 3D\WHU� >�@>�@>�@�� LV� D�JUDSKLFDO� /DQJXDJH� LQGLFDWHG� HVSHFLDOO\� IRU� WKH�GHVFULSWLRQ� RI� WKH� YDULRXV� SURFHVVHV�� ,W� PRGHOV� WKH�WUDQVIHUV� �H[FKDQJHV�� RI� HQHUJ\� E\� D� � QHWZRUN� RI�ERQGV� RI� SRZHUV� FDOOHG� ERQGV�� � $� ERQG� LV� D� IHDWXUH��ERQG�� �ZKRVH�HQG�LV�DQ�KDOI�DUURZ���7KH�GLUHFWLRQ�RI�WKH� KDOI�DUURZ� LQGLFDWHV� � WKH� GLUHFWLRQ� RI� WKH� SRZHU�ZKHUHDV� WKH�HQWLWLHV�H�W� DQG I�W� UHODWHG� � WR� WKH�ERQGV�DUH�WKH�HIIRUW�DQG�IORZ���7KH�SKHQRPHQD�RI�GLVVLSDWLRQ�RI� � HQHUJ\�� VWRUDJH� DQG� LQHUWLD� DUH� UHSUHVHQWHG� LQ�ERQGJUDSK�DQG��LQGHSHQGHQWO\�RI�WKHLU�SK\VLFDO�QDWXUH��E\� WKH� HOHPHQWV� 5�� & DQG� , 7KH\� DUH� GHSHQGHQW�EHWZHHQ� WKHP� E\� MXQFWLRQV� �� �� �� ZKHQ� WKH\� DUH��VXEMHFWHG�WR�WKH�VDPH�HIIRUW�DQG�E\�MXQFWLRQV�������ZKHQ�WKH\�DUH��VXEMHFWHG�WKH�VDPH�IORZ���

:KHQ� WZR�V\VWHPV�DUH� LQ� LQWHUDFWLRQ��¦�� DSSO\� WR�¦�D���HIIRUW����H�W���¦� UHDFWV�E\�VHQGLQJ�WR�¦��D���IORZ���I�W����7KH�HIIRUW�LPSRVHG�E\�¦��LV�D�GDWD�IRU�¦� �7KH� UHODWLRQV� RI� FDXVH� IRU� SXUSRVH�ZLWKLQ� WKH� V\VWHP�DUH� KLJKOLJKWHG� E\� WKH� FDXVDO� IHDWXUH� SODFHG�SHUSHQGLFXODU� WR� WKH�ERQG�� �7KH�IHDWXUH� � LQGLFDWHV�E\�GHIHFW� WKH�GLUHFWLRQ� LQ�ZKLFK� WKH�HIIRUW�LV�NQRZQ��7KH��FRQFHSW� RI� FDXVDOLW\� LQ� ERQG�JUDSK�PDNHV� LW� SRVVLEOH�WR�VROYH�WKH�DOJRULWKPLF�OHYHO�RI�PRGHOOLQJ�
�����%DVLF�(OHPHQWV�RI�WKH�%RQG�JUDSK�WRRO

I�W�¦� ¦�
H�W�



7KH� ERQG� JUDSK� ODQJXDJH� LV� D� JUDSKLF� ODQJXDJH�FRQFHLYHG� � VSHFLILFDOO\� IRU� WKH�GHVFULSWLRQ� RI� WKH�SURFHVVHV� � ZKLFK� RSHUDWH� HQHUJ\�� � $� JUDSKLF�QRWDWLRQ� LV� �QHFHVVDU\�LQ�RUGHU�WR�SURYLGH�D�FRQFLVH�GHVFULSWLRQ� RI� WKH� ZKROH� � SURFHVV� RQ� D� OHYHO� RI�DEVWUDFWLRQ�KLJKHU�WKDQ�WKH�HTXDWLRQV�GHVFULELQJ��WKH�WUDQVIHUV� RI� HQHUJ\� EHWZHHQ� WKH� HOHPHQWV���0RUHRYHU�� WKH� ERQGV� � JUDSKV� DOVR� DFFHQWXDWH� WKH�VWUXFWXUH� RI� WKH� PRGHO�� PDNLQJ� D� OD\RXW� � EHWZHHQ�WKH�PRGHO�DQG�WKH�UDWKHU�LQWXLWLYH�V\VWHP���
7KH�HOHPHQWV�FRQVWLWXWLQJ�WKH�ERQG�JUDSK�ODQJXDJH�DUH�UHSUHVHQWHG�ZLWK�WKHLU�FRQVWLWXWLYH�UHODWLRQV�LQ�WKH�WDEOH�EHORZ�

7KH ERQG�JUDSK�LV�D�JUDSK�LQ�ZKLFK�FDXVDO�ORRSV�DQG�FDXVDO��ZD\V��WUDYHUVHG�DUH�GHILQHG�ZKLOH�IROORZLQJ�WKH�SURSDJDWLRQ�RI��LQIRUPDWLRQ�HIIRUW�RU�IORZ��DQG�WKLV�ZKDWHYHU�WKH�GLUHFWLRQ�RI�WKH��KDOI�DUURZV���
���� 'HILQLWLRQV�
'HILQLWLRQ� ��� � �FDXVDO� SDWK��� � $� FDXVDO� SDWK LV� DQ��DOWHUQDWLRQ� RI� HOHPHQWV� DQG� ERQGV� VXFK� WZR� ERQGV�DGMDFHQW�DW� WKH�VDPH� � WRS�KDYH�RQH�RSSRVLWH�FDXVDO�RULHQWDWLRQ� 7KH�YDULDEOH� IROORZHG� �DORQJ� WKH�ZD\�LV�LV�WKH�HIIRUW�RU�IORZ���,Q�RUGHU�WR�FKDQJH�YDULDEOH���RQH� FRXOG� SDVV� E\� D� SDVVLYH� HOHPHQW� *<� RU� D�SDVVLYH��HOHPHQW��,��&�RU�5��/HW� XV� FRQVLGHU� WKH� H[DPSOH� RI� WKH� ERQG� JUDSK�DFFRUGLQJ� WR� ZKHUH� 6I DQG� DUH� LQGLFDWHG�UHVSHFWLYHO\�VRXUFHV�RI�IORZ�DQG�HIIRUW�DQG�'H DQG�

'I DUH�GHWHFWRUV�RI�HIIRUW�DQG�IORZ��7KH�FDXVDO�ZD\V�DUH�JLYHQ��E\���
6I��I� 'H�H� ��± ��± &�± ��± ��6I��I� 'I�I� ��± ��± &�± ��± ��± ��± 5�± ��±��6H��H� 'H�H� ��± ��± 5�± ��± ��± ��± &�± ��± ��6H��H� 'I�I� ��± ��± 5�± ��± ��± �

'HILQLWLRQ���� �JHQHUDOLVHG FDXVDO�SDWK��D��JHQHUDOLVHGFDXVDO�ZD\�LV�D�FDXVDO SDWK ZKLFK�FDQ�IROORZ��ERQGV�RI�HQHUJ\� RU� VLJQDOV� RI� LQIRUPDWLRQ�� RU� ERWK�� � 7KH�JHQHUDOLVHG FDXVDO� ZD\� LV� FOHDQ� LI� LW� FRQWDLQV� RQO\�ERQGV� RI� HQHUJLHV�� LW� LV� NQRZQ� � DV� XQVXLWDEOH� LI LW�FRQWDLQV�LQ�WKH�ODVW�D�ERQG�RI�LQIRUPDWLRQ������0RGHOOLQJ�E\�WKH�%RQG�JUDSKV�PXOWL �HQHUJLHV�
7KH� WHFKQRORJLFDO� SURFHVVHV� DUH� FKDUDFWHULVHG E\� WKH�LQWHUDFWLRQ� RI� PXOWLSOH� SKHQRPHQD�� OLNH� WKHUPDOV��K\GUDXOLFV�DQG�FKHPLFDO���7KHVH�WKUHH�IRUPV�RI�SRZHUVDUH� UHSUHVHQWHG�E\� D� ERQG� �DQG�RQO\� RQH���ZKLFK�ZLOO�DW� WKH� VDPH� WLPH� FDUU\� LQIRUPDWLRQ� RQ� WKUHH� HQHUJLHV��7KLV� LV� FDOOHG� ERQG� ZLWK� FRXSOHG� HQHUJ\�DQG� DOO� WKH�V\VWHP�ZLOO�EH�FDOOHG�ERQG�JUDSK�ZLWK�FRXSOHG�HQHUJ\��7KH�FRXSOLQJ�RI�WKHVH�WKUHH�HQHUJLHV�LV�UHSUHVHQWHG�E\�D ERQG�VXUURXQGHG�E\�D�ULQJ�DV�LQGLFDWHG�RQ��D��RU�E\�D�GRXEOH� IHDWXUH� �E�� OLNH� LQGLFDWHG� RQ� WKH� IROORZLQJ�ILJXUH���
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&KHPLQ�FDXVDO�GDQV�OH�FDV�G
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7KH� WKHUPRG\QDPLF� V\VWHP� LV� RQH� RI� RWKHU�V\VWHPV�� ZKLFK� VLPXOWDQHRXVO\� UHTXLUH� WKH�LQWHUYHQWLRQ� RI� VHYHUDO� NLQGV� RI� HQHUJLHV�� 7KHVH�V\VWHPV� DUH� LQ� WKH� PDMRULW\� RI� WLPHV� EHLQJ� YHU\�VHQVLWLYH� WR� WKH� IDLOXUHV� DQG� ZKLFK� VKRXOG� EH�VXSHUYLVHG� DQG� FRQWUROOHG� DV� IRU� WKH� FDVH� RI� WKH�V\VWHPV�PRQR�HQHUJLHV��
����� 0RQLWRUDELOLW\� VWXG\� LQ� WKH� PXOWL �HQHUJLHV FDVH

2EVHUYDELOLW\� DQG� FRQWUROODELOLW\� DQDO\VLV� RI�SK\VLFDO� SURFHVVHV� LQ� OLQHDU� FDVH� XVLQJ� ERQG� JUDSK�PRQR�HQHUJ\� PHWKRGRORJ\� DUH� GHYHORSHG� LQ� >��@��%\� XVLQJ� � WKH� DSSURDFK� RI� WKH� ERQG� JUDSKV�� LW� LV�SRVVLEOH� WR� GHWHUPLQH� GLUHFWO\� � RQ� WKH�PRGHO� ERQG�JUDSK� LI� WKH� HOHPHQWV� DUH� PRQLWRUDEOHV RU� QRW���ZLWKRXW� WKH� QHHG� IRU� JHQHUDWLQJ� DQDO\WLFDO� UHODWLRQV�RI�UHGXQGDQFLHV�RU�WKHQ�GHWHUPLQDWLRQ�RI�WKH�YHFWRUV�RI�VLJQDWXUHV���6RPH� SURSRVDOV� ZHUH� JLYHQ� LQ� RI� WKH� PRQR�HQHUJLHV� ERQG�JUDSKV FDVH >��@� >��@�� RWKHUH[WHQVLRQV� LQ� WKH� FDVH� RI� WKH�PXOWL�HQHUJLHV� ERQG�JUDSKV�� EXW� RQO\� IRU� WKH�PRQLWRULQJ� RI� WKH� VRXUFHV�RI�FRQWURO>�@���'HILQLWLRQ���� �$�YDULDEOH�LV�PRQLWRUDEOH�LII�LW�LV�SRVVLEOH� WR� GHWHFW� DQG� WR� LVRODWH� DOO� WKH� IDXOWV� WKDW�PD\�DIIHFW�LW���:H� JLYH� D� SURSRVLWLRQ� JLYHQ� LQ� >��@� IRU�PRQLWRULQJ�DELOLW\�RI�VHQVRUV�3URSRVLWLRQ� ��� ,I� WKH� QXPEHU� RI� VHQVRUV� LV�KLJKHU� WKDQ� ��� WKHQ� DOO� VHQVRUV� DUH� PRQLWRUDEOH��,QGHHG�� LI� Q LV� WKH� VHQVRUV� QXPEHU�� WKHQ� LW� FRPHV�WKDW�WKHUH�DUH�Q LQGHSHQGHQW�$55V�:H�SUHVHQW�DOVR�D�SURSRVDO�JLYHQ�LQ�>�@�DQG�>��@�IRU� WKH�PRQLWRULQJ� RI� WKH� VRXUFHV� RI� FRQWURO� RI� WKH�V\VWHPV� PRGHOOHG� E\� OLQHDUL]HG� ERQG� JUDSKV� PXOWL�HQHUJLHV� E\� � XVLQJ� WKH� FRXUVHV� RI� WKH� FDXVDO� ZD\V�JHQHUDOLVHG >��@�

3URSRVLWLRQ� �� 7ZR� FRQWURO� VRXUFHV� 6M DQG� 6L LQ�WKHUPRG\QDPLF� OLQHDULVHG� ERQG� JUDSK� PRGHO� DUH� QRW�PRQLWRUDEOHV�LII���D�� WKH�FRYHUHG�RI�JHQHUDOLVHG�FDXVDO�SDWK�OLQNLQJ�WKH�VRXUFH�6M WR�DQ\�VHQVRU�'O FRQWDLQV�WKH�FRYHUHG� FDXVDO� SDWK� IURP� WKH� VRXUFH� 6L WR� WKH� VDPH�VHQVRU��'O ���E��WKH�FDXVDO�SDWK�EHWZHHQ�HOHPHQWV�6M�'OWKDW� DUH� QRW� OLVWHG� LQ� 6L�'O GLG� QRW� PHQWLRQHG� LQ� DQ\��FDXVDO� SDWK� RU� ORRS�ZKHQ� WKH� FDXVDO� SDWK� LV� UHPRYHG�IURP�WKH�PRQLWRUHG�ERQG�JUDSK���
%HIRUH� FDUU\LQJ� RXW� WKH� PRQLWRULQJ� LQ� WKH� PXOWL�HQHUJLHV� FDVH�� ZH� LQLWLDOO\� ZLOO� SUHVHQW� WKH�JHQHUDOLVDWLRQ RI�FDXVDOLW\�LQ�WKLV VDPH��FDVH������0XOWL�HQHUJ\��FDXVDOLW\��PXOWL�FDXVDOLW\���
$�PXOWL�HQHUJ\�ERQG�JUDSK�LV�UHSUHVHQWHG�E\��

ZH� NQRZ� DFFRUGLQJ� WR� WKH� GHILQLWLRQ� RI� FDXVDOLW\�WKDW�WKH��FDXVDO�IHDWXUH�IROORZV�E\�GHIDXOW�WKH�GLUHFWLRQ�ZKHUH�WKH�HIIRUW�LV��NQRZQ

%XW��ZKHQ�ZH�JHQHUDOLVH���FDVH�RI���HQHUJLHV���ZH�DUH�IDFH�WR�WZR�FDVHV���D�

7KH�ILUVW�FDVH�ZKHUH�DOO� WKH�HIIRUWV�IROORZ�WKH�VDPH��GLUHFWLRQ�� WKH� FRQFHSW� RI� FDXVDOLW\� GRHV� QRW� FKDQJH� LW�VWLOOV�WKH�VDPH�RQH�DV�LQ�WKH�PRQR�HQHUJ\�FDVH���E��

+RZHYHU�� ZKHQ� DW� OHDVW� RQH� RI� WKH� HIIRUW� KDV� D��GLUHFWLRQ� RSSRVHG� WR� WKDW� RI� WKH� RWKHU� HIIRUWV�� WKH�FDXVDO� IHDWXUH� LQ� � WKLV� FDVH�ZLOO� EH� FXW� LQWR� WZR�� RQH�

�D� �E�
H���H���������HQ�I���I���������IQ�I�H�

I�H�
I�H�

IH �
0XOWL� pQHUJLHV�ERQG�JUDSKV�UHSUpVHQWDWLRQ�

H��H�I��I�

H��H�
I��I� I��I�

H��H�

H���I�
H����I�

H���I�
H����I�

H
I



LQGLFDWLQJ� WKH� GLUHFWLRQ� RI� WKH� � ILUVW� HIIRUWV� DQG� WKH�RWKHU�� LW� LQGLFDWHV� WKH� GLUHFWLRQ� RI� WKH� RWKHU��UHPDLQLQJ� HIIRUWV�� � &RQVHTXHQWO\�� LQ� ERWK� FDVHV� RI�ILJXUHV��ZH�ZLOO�EH��IDFH�WR���GLVWLQFW FDXVDO�ZD\V���1RZ�OHW�XV�VHH�WKH�FDVH�RI���HQHUJLHV���

,I� DOO� WKH� HL L ��� WR ��KDYH� WKH� � VDPH�GLUHFWLRQ��ZH�UHWXUQ� WR� WKH� FDVH� �D��� RQ� WKH� RWKHU� KDQG� ZKHQ� D��VRPH�QXPEHU�RI�HM MzL� KDV� D� �GLUHFWLRQ�RSSRVHG� WR�WKDW� RI� WKH� RWKHU�HL � FDVH� VLPLODU� WR� �E��� WKH� FDXVDO�IHDWXUH�LV�DOVR�FXW�RXW�LQWR�WZR���,Q� IDFW�� LI� WKH� HIIRUWV� GR� QRW� KDYH� DOO� WKH� VDPH�GLUHFWLRQ���WKH�FDXVDO�IHDWXUH�ZLOO�EH�DOZD\V�FXW�LQWR�WZR��7KDW�LV�GXH�WR�WKH�IDFW�WKDW�ZH�KDYH�DOZD\V�WZR�YDULDEOHV�RI�SRZHU�HL�DQG IL IRU�HDFK�NLQG�RI�HQHUJ\��(, &DXVDOLW\�PXOWL�HQHUJLHV� OHDGV� XV� WR� LQWURGXFH� D�QHZ� FRQFHSW�� � WKDW� RI WKH�PXOWL�OLQNV� � EHWZHHQ� WKH�YDULRXV� FRPSRQHQWV� RI� WKH� ERQG� � JUDSK� DQG� WKDW�EHFDXVH� RI� WKH� PXOWL�FDXVDO� ZD\V� ZKLFK� H[LVW�EHWZHHQ��HOHPHQWV���
�����0XOWLJUDSKV�

.QRZLQJ� WKDW� WKH� FDXVDO� ZD\V� IROORZ� WKH�GLUHFWLRQ�RI�WKH�FDXVDO�IHDWXUH��LW�FRPHV�WKDW�WR�SDVV�IURP� DQ\� HOHPHQW� ERQG�JUDSK� WR� DQRWKHU�� ZH� FDQ�IROORZ� YDULRXV� GLVWLQFW� ZD\V�� WKLV� OHDGV� XV� WR��LQWURGXFH�WKH�FRQFHSW�RI�PXOWL�JUDSK�0*� ��15��$��ZKHUH� WKH� XQLW� 15� LV� � D� VHW� RI� WKH� QRGHV� ZKLFK�UHSUHVHQW�WKH�ERQGJUDSK�HOHPHQWV���DQG�$�WKH�VHW�RI�WKH� DUFV�ZKLFK� UHSUHVHQW� WKH� FDXVDO� SDWKV� RU� UDWKHU��OLQNV�ELQGLQJ�WKHVH�HOHPHQWV���

'HILQLWLRQ�� $�PXOWLJUDSK�UHSUHVHQWV�LV�D�JUDSK�LQ� ZKLFK� VHYHUDO� HGJHV� DUH� DOORZHG� EHWZHHQ� WZR�QRGHV�RI�WKLV�JUDSK��>�@��>�@��>��@��>��@��>��@��6RPH� DXWKRUV� UHTXLUH� WKDW� WKH�PXOWLJUDSKHV� GR�QRW�KDYH�DQ\�ORRS��>�@���>�@��>��@���VRPH�DOORZ�WKHP�

H[SOLFLWO\� �>�@�� >��@�� EXW�RI� RWKHUV� GR�QRW� LQFOXGH� QRW�FODULILHG��>��@��>�@��

'HILQLWLRQ� ��� � $� PXOWLJUDSK� LV� D� JUDSK� ZKRVH�HGJHV� DUH� QRW� RUGHUHG� SDLUV� RI� QRGHV�� DQG� WKH� VDPH�SDLU��RI�QRGHV�FDQ�EH�FRQQHFWHG�E\�PXOWLSOH�HGJHV���
����� &DVH� RI� WKH� ERQG� JUDSKV� PXOWL�HQHUJLHV�

:H� LOOXVWUDWH� WKLV� SDUW� E\� D� VPDOO� H[DPSOH��&RQVLGHU� WKH� IROORZLQJ� � ERQG� JUDSK� ��HQHUJLHV�K\GUDXOLF�DQG�WKHUPDO��

,I� ZH� OLVW� VRPH� ZD\V� ELQGLQJ� WKH� HOHPHQWV� WZR� E\�WZR��(��(�� ^�(���7����7����7�(���7����+����+�(�����(���+����+�(������`��(��(�� ^�(���+����+�(���+����7����+�(����(���7����7����7�(���7����7�(�����(���+����+�(���+����7����7�(���7����7�(�������`�(��(��� �^��(���+����+�(���+����7�����7�(�����(���7����7����7�(�����(���+����+�(���+����7����7�(�����(���7����7����+�(���7����7�(������`�(��(��� �^��(���+����7����+�(�����(���(���+����7����7�(���7����7�(����(���+����+����+�(������`
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�(��(��� �^��(���+����7����7�(�����(���+����+����+�(���+����7�(������`�(��(��� �^��(���7����7�(�����(���7����7����+�(���+����+����+�(��`
:LWKRXW� FRQWLQXLQJ� WKH� UHPDLQGHU� RI� WKH�SRVVLEOH� ZD\V� DQG� LI� � ZH� FRQVWLWXWH� WKH� JUDSK�FRUUHVSRQGLQJ��ZH�VHH�FOHDUO\�WKDW�ZH�REWDLQ�ZHOO�D��PXOWLJUDSK�

6R�ZH�FDQ�XVH�WKH�WKHRU\�RI�WKH�PXOWL�JUDSKV�LQ�WKH��VWXG\�RI�WKH�ERQG�JUDSKV�PXOWL�HQHUJLHV���
���6WXG\�RI�WKH�PRQLWRULQJ�DELOLW\ RI�WKH�FRPSRQHQWV�LQ�WKH�PXOWL�HQHUJLHV�FDVH��
8VLQJ� ERQG� JUDSK� DSSURDFK�� LW� LV� SRVVLEOH� WR�GHWHUPLQH� � GLUHFWO\� IURP� ERQG� JUDSK� PRGHO� LI�HOHPHQWV� WR�EH�PRQLWRUHG�DUH�PRQLWRUDEOH�ZLWK�DQ\�QHHG� WR� JHQHUDWH� WKH� $QDO\WLFDO� 5HODWLRQV� RI�5HGXQGDQF\ �$55V��RU�WKH�VLJQDWXUH�IDXOWV���,Q� D� ZD\� VLPLODU WR� SURSRVDO� �� JLYLQJ� KLJKHU�� ZH�JLYH�WKH�QH[W�SURSRVLWLRQ ZKLFK�PDNHV�LW�SRVVLEOH�WR�FRQILUP� LI� DQ\� HOHPHQW� RI� D� � ERQG� JUDSK� PXOWL�HQHUJ\�PRGHO�LV�PRQLWRUDEOH�RU�QRW���3URSRVLWLRQ��� � 7ZR� HOHPHQWV� (M DQG� � (L LQ� D�WKHUPRG\QDPLF� OLQHDUL]HG� ERQGJUDSK� PRGHO� DUH�PRQLWRUDEOHV� LII�� � �D�� WKH� JHQHUDOLVHG FDXVDO� SDWK�OLQNLQJ� D� � VRXUFH� 6O WR� WKH� HOHPHQW� (M GRHV� QRW�FRQWDLQ� DQ\� FDXVDO� ZD\� JHQHUDOLVHG IURP� WKH� VDPH�VRXUFH� 6O WR� HOHPHQW (L�� �E�� WKH� JHQHUDOLVHG FDXVDO�ZD\� � OLQNLQJ�WKH�HOHPHQW�(M WR�DQ\�GHWHFWRU�'O GRHV�QRW� FRQWDLQ� WKH� FDXVDO� ZD\ IURP� WKH� HOHPHQW� (LWRZDUGV�WKH�VDPH�GHWHFWRU�'O7KLV� SURSRVLWLRQ� LV� LQ� IDFW� DQ� LQWHUSUHWDWLRQ� RI� WKH��H[LVWHQFH� RI� D� UHODWLRQ� RI� FRXSOLQJ� EHWZHHQ� WKH�HOHPHQWV� ERQG� JUDSK� WR� EH� PRQLWRULQJ� DQG� WKH�GHWHFWRUV���

:H�FDQ�UHZULWH�WKLV�SURSRVLWLRQ�LQ�WKLV�GLIIHUHQW�IRUP���3URSRVLWLRQ� � 6R� WKDW� D� V\VWHP� LV� � PRQLWRUDEOH�� LW�ZRXOG� EH� QHFHVVDU\� WKDW�� � �D�� DOO� WKH� � FRPSRQHQWV� RI�WKH�PRGHO�ERQG�JUDSK� RI� WKLV� V\VWHP� DUH� UHODWHG� WR�DW��OHDVW�D�GHWHFWRU���E��WKHUH�H[LVWV�D�FRXSOLQJ�EHWZHHQ�WKH�VHW� RI� WKH� � YDULDEOHV� WR� EH�PRQLWRULQJ� �XQNQRZQ�� DQG�WKH�VHW�RI�WKH�GHWHFWRUV���:H�FDQ�LOOXVWUDWH�WKDW�IRU�WKH�IROORZLQJ�H[DPSOH��([DPSOH�����

:H� SUHVHQW� LQ� ZKDW� IROORZV�� DQ� DGGLWLRQDO�SURSRVDO�ZKLFK��PDNHV�LW�SRVVLEOH�WR�DIILUP�LI�D�V\VWHP�PXOWL�HQHUJ\�LV�PRQLWRUDEOH��RU�QRW���3URSRVLWLRQ� � D� PXOWL�HQHUJLHV� V\VWHP� LV�PRQLWRUDEOH� LII�� � �D�� LW� � LV�REVHUYDEOH��DOO� LWV�YDULDEOHV�DUH� UHODWHG� WR� WKH�GHWHFWRUV�E\�DW� � OHDVW�D�FDXVDO�SDWK����E�� IRU� ERWK�YDULDEOHV�RI� WKH� VFKHGXOH� �RI� FRQGLWLRQV��WKH� URZ� RI� WKH�PDWUL[� REWDLQHG� DIWHU� FRQFDWHQDWLRQ� RI��WKH PDWULFHV� RI� REVHUYDELOLW\� �EHFDXVH� FDVH� PXOWL��FRUUHVSRQGLQJ�WR�WKH��YDULDEOHV�FRQVLGHUHG��WKDW�LV�IXOO���7KH�YDULDEOHV�DUH�WDNHQ��WZR�E\�WZR��,I�DOO�WKH�PDWUL[HV�REWDLQHG�DUH�RI�IXOO�URZ��ZH�FDQ�VD\� WKDW� WKH� V\VWHP� GRHV� QRW� SUHVHQW� D� SUREOHP� RI�ORFDOLVDWLRQ� RI� IDLOXUH� � �RU� IDXOWV��� 2WKHUZLVH�� LI� WKH�URZ�RI�RQH�RI�WKH�PDWULFHV�LV��QRW�IXOO��WKDW�PHDQV�WKDW�WKH�WZR�YDULDEOHV�LQ�TXHVWLRQ�KDYH�QRW�GLVMRLQHG�ZD\V��&RQVHTXHQWO\�� LW� LV� QRW� SRVVLEOH� WR� PRQLWRU� WKHP�� ,Q�WKLV� FDVH�� RXU� � V\VWHP� SUHVHQWV� D� SUREOHP RI�PRQLWRULQJ���$V� UHPHG\� IRU� WKLV� NLQG� RI� SUREOHP� LV� WR� DGG� DQ�DGGLWLRQDO�GHWHFWRU��ELQGLQJ�RQH�RI�WKH�WZR�YDULDEOHV���
���&RQFOXVLRQ
7KH� PHWKRGRORJ\� RI� WKH� ERQG� JUDSKV� LV� HVVHQWLDOO\��XVHG� IRU� WKH� PRGHOOLQJ� RI� WKH� V\VWHPV�� IHZ� ZRUN�ZKLFK� DSSURDFKHG� WKH� PRQLWRULQJ� RI� WKH� FRPSOH[�V\VWHPV� E\� XVLQJ� WKH� ERQG� JUDSK� WRRO�� 2XU� ZRUN�FRQVLVWHG� LQ� SUHVHQWLQJ� DQ� HIIHFWLYH� PHWKRG� RI�PRQLWRULQJ�RI�WKH�WKHUPRG\QDPLF��V\VWHPV�FRPSOH[HV�GLUHFWO\� RQ� WKH� ERQG� JUDSK� PXOWL�HQHUJLHV� PRGHO� E\��FRXUVH�RI�WKH�PXOWL�FDXVDO�ZD\V���
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%LEOLRJUDSK\
>�@��&��%HUJH��*UDSKHV��*DXWKLHU�9LOODUV�������>�@� � &�� %HUJH� �� 7KH� WKHRU\� RI� JUDSKV�� 'RYHUV������>�@� � 7�� +�� &RUPHQ�� &�� (�� /HLVHUVRQ�� 5�� /��5LYHHVW� DQG� &�� 6WHLQ�� ,QWURGXFWLRQ� WR�$OJRULWKPV�� �QG HG�� &DPEULGJH�� 0$�� 0,7�3UHVV�������>�@�-� 7��*URVV�DQG�-��<HOOHQ��*UDSK�7KHRU\�DQG�LWV�$SSOLFDWLRQV��%RFD�5DWRQ��)/�&5&�3UHVV��SDJH���������>�@� )�� +DUDU\�� *UDSK� 7KHRU\�� 5HDGLQJ�� 0$� ��$GGLVRQ�:HVOH\��S����������>�@��1��+DUWVILHOG�DQG�*��5LQJHO��3HDUOV�LQ�*UDSK�7KHRU\�� $� &RPSUHKHQVLYH� ,QWURGXFWLRQ�� �QGHG�� 6DQ� 'LHJR�� &$�� $FDGHPLF� 3UHVV�� S���������>�@� .DUQRSS� '��� 5RVHPEHUJ� 5��� 6\VWHPV�G\QDPLFV��D�XQLILHG�DSSURDFK��-RKQ�:LOH\�	�6RQV�������>�@� .DUQRSS� '��� 0DUJROLV� '��� 5RVHPEHUJ� 5���6\VWHPV�G\QDPLFV��PRGHOOLQJ�DQG�VLPXODWLRQ�RI�PHFKDWURQLF�V\VWHPV��-RKQ�:LOH\�	�6RQV�������>�@� � %��2XOG�%RXDPDPD��0�� 6WDURVZLHFNL�� DQG�*�� 'DXSKLQ�7DQJX\�� $FWXDWRU� )DXOW�'HWHFWLRQ� 8VLQJ� D� %RQG� *UDSK� $SSURDFK��3URFHHGLQJV�RI�(XURSHDQ�&RQWURO�&RQIHUHQFH��(&&¶������� SS�� ����������� 6HSWHPEHU�������3RUWR��3RUWXJDO��>��@� +�� � 3D\QWHU��� $QDO\VLV� DQG� GHVLJQ� RI�HQJLQHHULQJ�V\VWHPV��0,7�3UHVV�������>��@� � 3HPPDUDMX� DQG�6��6NLHQD��&RPSXWDWLRQDO�'LVFUHWH� 0DWKHPDWLFV�� FRPELQDWRULFV� DQG�*UDSK� 7KHRU\�ZLWK�0DWKHPDWLFD�� &DPULGJH��(QJODQG�� &DPEULGJH� 8QLYHUVLW\� 3UHVV�� S������������>��@� 6�� 5LPDX[�� (WXGH� 'HV� 3URSULpWpV�6WUXFWXUHOOHV� GH� &HUWDLQHV� &ODVVHV� GH�6\VWqPHV� 3K\VLTXHV� 1RQ�/LQpDULVpV�0RGpOLVpV� 3DU� %RQG� *UDSK�� 3K'� WKHVLV��8QLYHUVLWp�GH�/LOOH��)UDQFH�������

>��@� �5RVHPEHUJ�5���.DUQRSS�'��³,QWURGXFWLRQ� WR�SK\VLFDO� V\VWHP� G\QDPLFV´�� VHULHV� LQPHFKDQLFDO�HQJLQHHULQJ��0DF�*UDZ�+LOO����������>��@� � 6�� 6NLHQD�� ,PSOHPHQWLQJ� 'LVFUHWH�0DWKHPDWLFV��&RPELQDWRULFV�DQG�*UDSK�7KHRU\�ZLWK� 0DWKHPDWLFD�� 5HDGLQJ�� 0$� �� $GGLVVRQ�:HVOH\��S����������>��@� &�� 6XHXU� DQG� *�� 'DXSKLQ�7DQJX\� ��������%RQG�JUDSK� DSSURDFK IRU� VWUXFWXUDO� DQDO\VLV� RI�0,02� OLQHDU� V\VWHPV�� -RXUQDO� RI� WKH� )UDQIOLQ�,QVWLWXWH���������������>��@ 0�� 7DJLQD�� -�� &DVVDU�� *�� 'DXSKLQ�7DQJX\��DQG� 0�� 6WDURVZLHFNL�� 0RQLWRULQJ� RI� V\VWHPV�PRGHOOHG� E\� ERQG� JUDSK�� ,Q� ,&%*0¶����,QWHUQDWLRQDO� &RQIHUHQFH� RQ� ERQG� JUDSK�0RGHOOLQJ��SDJHV����������/DV�9HJDV�������>��@� �0�� 7DJLQD�� -�� &DVVDU�� DQG�0�� 6WDURVZLHFNL��/RFDOLVDWLRQ�GH�GpIDLOODQFH�SDU�O¶DSSURFKH�ERQG�JUDSK�� -(6$�� 5$,52�$3,,�� ����� �����������������>��@� �:��7��7XWWH��*UDSK�7KHRU\�DV�,�KDYH�NQRZQ�LW�� 2[IRUG� (QJODQG�� 2[IRUG� 8QLYHUVLW\� 3UHVV��S���������>��@� � 7KRPD�-��� ,QWURGXFWLRQ� WR�%RQG�JUDSKV� DQG�WKHLU�DSSOLFDWLRQV��3HUJDPRQ�3UHVV�������>��@� 7KRPD� -��� 6LPXODWLRQ� E\� %RQG� JUDSKV��6SULQJHU�9HUODJ�������>��@�'��%��:HVW��,QWURGXFWLRQ�WR�*UDSK�7KHRU\���QGHG�� (QJOHZRRG�&OLIIV��1-��3UHQWLFH�+DOO�������>��@� '�� =ZLOOLQJHU� �(G���� &5&� � 6WDQGDUG�0DWKHPDWLFDO� 7DEOHV� DQG� )RUPXODH�� ��VW� HG��%RFD�5DWRQ��)/�&5&�3UHVV������>��@� %�� 2XOG� %RXDPDPD�� )�� %XVVRQ� *�� 'DXSKLQ�7DQJX\ DQG� 0�� 6WDURVZLHFNL�� $QDO\VLV� RI� VWUXFWXUDO�SURSHUWLHV� RI� WKHUPRG\QDPLF� ERQG� JUDSK� PRGHOV�� �WK,)$&�6\PSRVLXP�RQ�)DXOW�'HWHFWLRQ�6XSHUYLVLRQ�DQG�6DIHW\� IRU� 7HFKQLFDO� SURFHVVHV�� %XGDSHVW�� ������ MXLQ�����YRO����SS������������


