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$  �> LMD @ LV�D� �����[����PDWUL[�ZKHUH�WKH�HOHPHQWV� LMD
DUH�ZULWWHQ�LQ�DSSHQGL[�������+f &RQWUROOHU��'HVLJQ�7KH� +f WKHRU\� SURYLGHV� D� GLUHFW�� UHOLDEOH� SURFHGXUH�IRU� V\QWKHVL]LQJ� D� FRQWUROOHU� ZKLFK� RSWLPDOO\� VDWLVILHV�VLQJXODU� YDOXH� ORRS� VKDSLQJ� VSHFLILFDWLRQV�� 7KH� VWDQGDUG�VHWXS�RI�WKH�+f FRQWURO�SUREOHP�FRQVLVWV�RI�ILQGLQJ�D�VWDWLF�RU�G\QDPLF�IHHGEDFN�FRQWUROOHU�VXFK�WKDW� WKH�+f� ��QRUP��D�VWDQGDUG� TXDQWLWDWLYH� PHDVXUH� IRU� WKH� VL]H� RI� WKH� V\VWHP�XQFHUWDLQW\�� RI� WKH� FORVHG� ORRS� WUDQVIHU� IXQFWLRQ� LV� OHVV�WKDQ� D� JLYHQ� SRVLWLYH� QXPEHU� XQGHU� FRQVWUDLQW� WKDW� WKH�FORVHG�ORRS�V\VWHP�LV�LQWHUQDOO\�VWDEOH���7KH�+f V\QWKHVLV�LV�FDUULHG�RXW�LQ�WZR�VWDJHV��L�� )RUPXODWLRQ� ZHLJKWLQJ� WKH� DSSURSULDWH� LQSXW�RXWSXW� WUDQVIHU� IXQFWLRQV� ZLWK� SURSHU� ZHLJKWLQJ�IXQFWLRQV�� 7KLV� ZRXOG� SURYLGH� UREXVWQHVV� WR�PRGHOLQJ� HUURUV� DQG� DFKLHYH� WKH� SHUIRUPDQFH�UHTXLUHPHQWV�� 7KH� ZHLJKWV� DQG� WKH� G\QDPLF�PRGHO�RI� WKH�V\VWHP�DUH� WKHQ�DXJPHQWHG� LQWR�+fVWDQGDUG�SODQW���LL�� 6ROXWLRQ� WKH� ZHLJKWV� DUH� LWHUDWLYHO\� PRGLILHG�XQWLO� DQ� RSWLPDO� FRQWUROOHU� WKDW� VDWLVILHV� WKH� +fRSWLPL]DWLRQ�SUREOHP�LV�IRXQG��)LJ�� �� VKRZV� WKH� JHQHUDO� VHWXS� RI� WKH�+f GHVLJQ� SUREOHP�ZKHUH���3�V��� LV� WKH� WUDQVIHU� � IXQFWLRQ� RI� WKH� DXJPHQWHG� SODQW��QRPLQDO�SODQW�*�V��SOXV� WKH�ZHLJKWLQJ� IXQFWLRQV� WKDW�UHIOHFW�WKH�GHVLJQ�VSHFLILFDWLRQV�DQG�JRDOV�����X��� LV� WKH� H[RJHQRXV� LQSXW� YHFWRU�� W\SLFDOO\� FRQVLVWV� RI�FRPPDQG� VLJQDOV�� GLVWXUEDQFH�� DQG� PHDVXUHPHQW�QRLVHV��X�������LV�WKH�FRQWURO�VLJQDO���\����LV�WKH�RXWSXW�WR�EH�FRQWUROOHG��LWV�FRPSRQHQWV�W\SLFDOO\�EHLQJ�WUDFNLQJ�HUURUV��ILOWHUHG�DFWXDWRU�VLJQDOV���\�������LV�WKH�PHDVXUHG�RXWSXW��7KH� REMHFWLYH� LV� WR� GHVLJQ� D� FRQWUROOHU� )�V�� IRU� WKH�DXJPHQWHG� SODQW� 3�V�� VXFK� WKDW� WKH� LQSXW�RXWSXW� WUDQVIHU�FKDUDFWHULVWLFV� IURP� WKH� H[WHUQDO� LQSXW� YHFWRU� X�� WR� WKH�H[WHUQDO� RXWSXW� YHFWRU� � \�� � � LV� GHVLUDEOH�� 7KH� �+f GHVLJQ�SUREOHP� FDQ� EH� IRUPXODWHG� DV� ILQGLQJ� D� VWDELOL]LQJ�IHHGEDFN�FRQWURO�ODZ��X��V� )�V����\��V��VXFK�WKDW�WKH�QRUP�RI�WKH�FORVHG�ORRS�WUDQVIHU�IXQFWLRQ�LV�PLQLPL]HG��
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)LJ�����*HQHUDO�VHWXS�RI�WKH�+f GHVLJQ�SUREOHP��,Q� WKH� SRZHU� JHQHUDWLRQ� V\VWHP� LQFOXGLQJ� +f FRQWUROOHU��WZR� IHHGEDFN� ORRSV� DUH� GHVLJQHG�� RQH� IRU� DGMXVWLQJ� WKH�WHUPLQDO� YROWDJH� DQG� WKH� RWKHU� IRU� UHJXODWLQJ� WKH� V\VWHP�DQJXODU� VSHHG� DV� VKRZQ� LQ� )LJ�� ��� 7KH� QRPLQDO� V\VWHP�*�V��LV�DXJPHQWHG�ZLWK�ZHLJKWLQJ�WUDQVIHU�IXQFWLRQV� ��� V: �

��� V: DQG� ��� V: SHQDOL]LQJ� WKH� HUURU� VLJQDOV�� FRQWURO�VLJQDOV�� DQG� RXWSXW� VLJQDOV� UHVSHFWLYHO\�� � 7KH� FKRLFH� RI�SURSHU�ZHLJKWLQJ�IXQFWLRQV�LV�WKH�HVVHQFH�RI��+f FRQWURO��$�EDG�FKRLFH�RI�ZHLJKWV�ZLOO�FHUWDLQO\�OHDG�WR�D�V\VWHP�ZLWK�
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SRRU� SHUIRUPDQFH� DQG� VWDELOLW\� FKDUDFWHULVWLFV�� DQG� FDQ�HYHQ� SUHYHQW� WKH� H[LVWHQFH� RI� D� VROXWLRQ� WR� WKH� +fSUREOHP��
&RQVLGHU� WKH� DXJPHQWHG� V\VWHP� VKRZQ� LQ� )LJ�� ��� 7KH�IROORZLQJ�VHW�RI�ZHLJKWLQJ�WUDQVIHU�IXQFWLRQV�DUH�FKRVHQ�WR�UHIOHFW�GHVLUHG�UREXVW�DQG�SHUIRUPDQFH�JRDOV�DV�IROORZV���

)LJ�����6LPSOLILHG�EORFN�GLDJUDP�RI�WKH�DXJPHQWHG�SODQW�LQFOXGLQJ�+f FRQWUROOHU��$ JRRG� FKRLFH� RI� ��� V: LV� KHOSIXO� IRU� DFKLHYLQJ� JRRG�WUDFNLQJ�RI� WKH� LQSXW� UHIHUHQFHV��DQG�JRRG�UHMHFWLQJ�RI� WKH�GLVWXUEDQFHV�� 7KH�ZHLJKWHG� HUURU� WUDQVIHU� IXQFWLRQ�PDWUL[��
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$ JRRG� FKRLFH� RI� WKH� VHFRQG� ZHLJKW� ��� V: ZLOO� DLG� IRU�DYRLGLQJ� DFWXDWRUV� VDWXUDWLRQ� DQG� SURYLGH� UREXVWQHVV� WR�SODQW�DGGLWLYH�SHUWXUEDWLRQV��7KH�ZHLJKWHG�FRQWURO�IXQFWLRQ�
PDWUL[�� �= FDQ�EH�ZULWWHQ�DV����������������������������� ������� VXV:=  
ZKHUH� ��VX LV� WKH� WUDQVIHU� IXQFWLRQ�PDWUL[�RI� WKH�FRQWURO�VLJQDOV�RXWSXW�RI�WKH�+f FRQWUROOHU��$OVR�D�JRRG�FKRLFH�RI�WKH�WKLUG�ZHLJKW� ��� V: ZLOO�OLPLW�WKH�FORVHG� ORRS� EDQGZLGWK� DQG� DFKLHYH� UREXVWQHVV� WR� SODQW�RXWSXW� PXOWLSOLFDWLYH� SHUWXUEDWLRQV� DQG� VHQVRU� QRLVH�DWWHQXDWLRQ� DW� KLJK� IUHTXHQFLHV�� 7KH� ZHLJKWHG� RXWSXW�YDULDEOH�FDQ�EH�ZULWWHQ�DV��
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,Q� VXPPDU\�� WKH� WUDQVIHU� IXQFWLRQV� RI� LQWHUHVW� ZKLFK�GHWHUPLQH� WKH� EHKDYLRU� RI� WKH� YROWDJH� DQG� VSHHG� FORVHG�ORRS�V\VWHPV�DUH��D���6HQVLWLYLW\�IXQFWLRQ� 6  �>�,���*�V�����)�V��@�����:KHUH� *�V�� DQG� )�V�� DUH� WKH� WUDQVIHU� IXQFWLRQV� RI� WKH�QRPLQDO�SODQW�DQG�WKH�+f FRQWUROOHU�UHVSHFWLYHO\��DQG���,��LV�WKH� LGHQWLW\�PDWUL[��0LQLPL]LQJ�6� DW� ORZ� IUHTXHQFLHV�ZLOO�LQVXUH�JRRG�WUDFNLQJ�DQG�GLVWXUEDQFH�UHMHFWLRQ��E���&RQWURO�IXQFWLRQ�� &  �)�V��>�,���*�V�����)�V��@����0LQLPL]LQJ� � � &� � � � ZLOO� DYRLG� DFWXDWRU� VDWXUDWLRQ� DQG�
DFKLHYH�UREXVWQHVV�WR�SODQW�DGGLWLYH�SHUWXUEDWLRQV� �F��&RPSOHPHQWDU\�IXQFWLRQ� 7  ��,����6�0LQLPL]LQJ�7�DW�KLJK�IUHTXHQFLHV�ZLOO�LQVXUH�UREXVWQHVV�WR�SODQW�RXWSXW�PXOWLSOLFDWLYH�SHUWXUEDWLRQV�DQG�DFKLHYH�QRLVH�DWWHQXDWLRQ���

��� 6\VWHP�&RQILJXUDWLRQ�7KH�PDLQ�REMHFWLYHV�RI�WKH�SURSRVHG�FRQWUROOHU�DUH��L�� 5HJXODWLQJ� WKH� WHUPLQDO� YROWDJH� RI� WKH� V\QFKURQRXV�JHQHUDWRU�E\�DGMXVWLQJ� WKH� ILHOG�YROWDJH�XVLQJ�$95�DQG�VWDWLF� H[FLWHU� DQG� DFFRUGLQJ� WR� WKH� HUURU� EHWZHHQ� WKH�UHIHUHQFH�DQG�DFWXDO�ORDG�YROWDJHV��DQG�LL�� &RQWUROOLQJ� WKH� URWRU� VSHHG� E\� FRQWUROOLQJ� WKH�PHFKDQLFDO�LQSXW�SRZHU�WR�WKH�V\QFKURQRXV�JHQHUDWRU� WR�UHJXODWH�WKH�V\VWHP�HOHFWULFDO�IUHTXHQF\��)RU� WKLV�SXUSRVH�� WKH�FRQWUROOHG�V\VWHP�KDV�EHHQ�GHVLJQHG�WR� FRQWDLQ� WZR� IHHGEDFN� ORRSV�� 7KH� ILUVW� ORRS� LV� GHVLJQHG�IRU� DGMXVWLQJ� WKH� V\QFKURQRXV� JHQHUDWRU� WHUPLQDO� YROWDJH�DFFRUGLQJ� WR� D� FHUWDLQ� UHIHUHQFH��7KH�RWKHU� ORRS�KDV�EHHQ�GHGLFDWHG�IRU�UHJXODWLQJ�WKH�JHQHUDWRU
V�URWDWLRQDO�VSHHG�WR�D VHW�SRLQW��WKHUHE\��WKH�V\VWHP�HOHFWULFDO�IUHTXHQF\�FDQ�EH�NHSW�FRQVWDQW���7KH�EORFN�GLDJUDP�RI�WKH�GLHVHO�HQHUJ\�FRQYHUVLRQ�V\VWHP�ZLWK� WKH� SURSRVHG� +f FRQWUROOHU� LV� VKRZQ� LQ� )LJ�� ��� 7KH�HQWLUH� V\VWHP� KDV� EHHQ� VLPXODWHG� RQ� WKH� GLJLWDO� FRPSXWHU�XVLQJ� WKH� 0DWODE� �� 6LPXOLQN� VRIWZDUH� SDFNDJH�� 7KH�VSHFLILFDWLRQV� RI� WKH� V\VWHP� SDUDPHWHUV� XVHG� LQ� WKH�VLPXODWLRQ�SURFHGXUH�DUH�DV�IROORZLQJ�>��@���5DWLQJ�� �� .:�� ���� 9� �OLQH��� �� $�� �� SROHV�� 8QLW\� SRZHU�IDFWRU��&RQVWDQWV�� 5V ����:� 5I ����:� /PG ��� P+�� /PT �����P+��/OVG /OVT �����P+��/OIG �����P+�1VH���1IG� ������������1VH���1NG� �����������1VH���1NT� ���������7KH� IROORZLQJ� VHW� RI� ZHLJKWLQJ� IXQFWLRQV� LV� FKRVHQ� DIWHU�PXFK� LWHUDWLRQ� LQ� RUGHU� WR� DFKLHYH� WKH� GHVLUHG� UREXVWQHVV�DQG�SHUIRUPDQFH�JRDOV��
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)LJ�����%ORFN�GLDJUDP�RI�WKH�GLHVHO�JHQHUDWLRQ�V\VWHP�ZLWK�WKH�SURSRVHG�+f FRQWUROOHU�
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)LJ�������'\QDPLF�UHVSRQVH�RI�WKH�SURSRVHG�V\VWHP�GXH�WR�VWHS�FKDQJH�LQ�ORDG�LPSHGDQFH�ZLWK�+f�FRQWUROOHU���

)LJ�������'\QDPLF�UHVSRQVH�RI�WKH�SURSRVHG�V\VWHP�GXH�WR��VWHS�FKDQJH�LQ�ORDG�LPSHGDQFH�DW�SDUDPHWHUV�FKDQJHV�ZLWK�+f�FRQWUROOHU���
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����&RQFOXVLRQV�7KLV�SDSHU�SURSRVHV�WKH�DSSOLFDWLRQ�RI�+f V\QWKHVLV�WR�GHVLJQ� D� UREXVW� FRQWUROOHU� IRU� UHJXODWLQJ� WKH� YROWDJH� DQG�IUHTXHQF\� RI� DQ� LVRODWHG� GLHVHO�JHQHUDWLRQ� V\VWHP�� 7KH�FRQWUROOHG�V\VWHP�FRQVLVWV�RI�D�GLHVHO�WXUELQH�WKDW�GULYHV�D�V\QFKURQRXV� JHQHUDWRU� FRQQHFWHG� WR� DQ� LVRODWHG� ORDG� DQG�WKH� V\QFKURQRXV� JHQHUDWRU� LV� HTXLSSHG�ZLWK� DQ�DXWRPDWLF�YROWDJH�UHJXODWRU��$95��DQG�D�VWDWLF�H[FLWHU��7KH�WHUPLQDO�YROWDJH�LV�UHJXODWHG�YLD�FRQWUROOLQJ�WKH�ILHOG�FXUUHQW��$OVR��WKH� URWRU� VSHHG� LV� DGMXVWHG� E\� FRQWUROOLQJ� WKH� GLHVHO� IXHO�IORZ� UDWH�MU ZKLFK� LQ� WXUQ� DIIHFWV� WKH� WRUTXH� �PHFKDQLFDO�SRZHU�� LQSXW� WR� WKH� V\QFKURQRXV� JHQHUDWRU� DQG� KHQFH� LWV�URWDWLRQ�VSHHG��7KH�FRPSOHWH�QRQOLQHDU�G\QDPLF�PRGHO�RI�WKH� V\VWHP� KDV� EHHQ� GHVFULEHG� DQG� OLQHDUL]HG� DURXQG� DQ�RSHUDWLQJ� SRLQW�� $OVR�� WKH� GHVLJQ� SUREOHP� RI� WKH� +fFRQWUROOHU� KDV� EHHQ� IRUPXODWHG� LQ� D� VWDQGDUG� IRUP� ZLWK�HPSKDVLV�RQ� WKH�VHOHFWLRQ�RI� WKH�ZHLJKWLQJ� IXQFWLRQV� WKDW�UHIOHFW� UREXVWQHVV� DQG� SHUIRUPDQFH� JRDOV�� 7KH� SURSRVHG�FRQWURO� VWUDWHJ\� KDV� PDQ\� DGYDQWDJHV� OLNH� UREXVWQHVV� WR�SODQW� XQFHUWDLQWLHV�� VLPSOH� LPSOHPHQWDWLRQ�� DQG� IDVW�UHVSRQVH����'LJLWDO� VLPXODWLRQV� KDYH� EHHQ� FDUULHG� RXW� LQ� RUGHU� WR�HYDOXDWH� WKH� HIIHFWLYHQHVV� RI� WKH� SURSRVHG� VFKHPH�� 7KH�GLHVHO�HQHUJ\�V\VWHP�ZLWK�WKH�SURSRVHG�FRQWUROOHU�KDV�EHHQ�WHVWHG�WKURXJK�VWHS�FKDQJHV�LQ�ORDG�LPSHGDQFH��7KH�UHVXOWV�

SURYHG� WKDW� JRRG� G\QDPLF� SHUIRUPDQFH� DQG� KLJK�UREXVWQHVV� LQ� IDFH� RI� XQFHUWDLQWLHV� FDQ� EH� DFKLHYHG� E\�PHDQV�RI�WKH�SURSRVHG�FRQWUROOHU������5HIHUHQFHV�>�@� $�� $EGLQ� DQG� ;�� :LOVRQ�� �� &RQWURO� GHVLJQ� DQG�G\QDPLF� SHUIRUPDQFH� DQDO\VLV� RI� D� ZLQG� WXUELQH�LQGXFWLRQ� JHQHUDWRU� XQLW��� ,(((� 7UDQV�� 2Q� (QHUJ\�&RQYHUVLRQ��9RO������1R�����0DUFK���������S���������>�@� (�� 6XDUH]�� DQG� *�� %RUWRORWWR��� 9ROWDJH� ±� )UHTXHQF\�FRQWURO� RI� D� VHOI� H[FLWHG� LQGXFWLRQ�JHQHUDWRU��� � ,(((�7UDQV�� RQ� (QHUJ\� &RQYHUVLRQ�� 9RO�� ���� 1R���� 6HSW��������S�����������>�@� )HOL[�� 5�$��� 6DQFKH]�� (�1��� /RXNLDQRY�� $�*����6\QFKURQRXV� JHQHUDWRU� FRQWURO� FRPELQLQJ� VOLGLQJ�PRGHV� DQG� QHXUDO� QHWZRUNV��� $PHULFDQ� &RQWURO�&RQIHUHQFH�� 9R�� ��� ,VVXH� ����� -XQH� ������ S�� �����������>�@�0��*��6LPRHV��%��.��%RVH��DQG�5��-��6SLHJHO��³�'HVLJQ�DQG� SHUIRUPDQFH� HYDOXDWLRQ� RI� D� IX]]\�ORJLF� EDVHG�YDULDEOH�VSHHG�ZLQG�JHQHUDWLRQ�V\VWHP´��,(((�7UDQV��RQ�,QGXVWULDO�$SSOLFDWLRQV��9RO������1R�����S������������-XO\�$XJXVW��������>�� @�$��$��+DVVDQ��<�� 6��0RKDPHG��$OL�0��<RXVHI�� DQG�$KPHG�� 0�� .DVVHP�� ³5REXVW� � &RQWURO� � RI� D� � :LQG�'ULYHQ�,QGXFWLRQ�*HQHUDWRU��&RQQHFWHG�WR�WKH�8WLOLW\��*ULG´ �� -RXUQDO� RI� WKH� (QJLQHHULQJ� 6FLHQFHV�� $VVLXW�8QLYHUVLW\��9RO������1R�����-DQ�������S����������>�@� &KHGLG�� 5�%���.DUDNL�� 6�+�� DQG� (O�&KDPDOL�� &����$GDSWLYH� IX]]\� FRQWURO� IRU� ZLQG�GLHVHO� ZHDN� SRZHU�V\VWHPV��� ,(((� 7UDQV�� RQ� (QHUJ\� FRQYHUVLRQ�� 0DU�������>�@� $�� $�� +DVVDQ�� <�� 6�� 0RKDPHG� DQG� $KPHG�� 0��.DVVHP��� $ QHXUDO� YROWDJH� UHJXODWRU� IRU� D� ZLQG�GULYHQ� VHOI� H[FLWHG� LQGXFWLRQ� JHQHUDWRU���0(3&21¶������ ,(((�� 6KHELQ� (/�.RP�� �� �WK�LQWHUQDWLRQDO�0LGGHO�(DVW�3RZHU�6\VWHPV�&RQIHUHQFH��'HF���������������S������������>�@� � 0�� %RXKDPLGD� �� $�� 0RNKWDUL� DQG� 0�� $�� 'HQDL���3RZHU� 6\VWHP� 6WDELOL]HU� 'HVLJQ� %DVHG� RQ� 5REXVW�&RQWURO�7HFKQLTXHV���$&6(�-RXUQDO��9ROXPH����,VVXH����1RY�������S���������>�@� $OL� 0�� <RXVHI� DQG� $PHU� $EGHO�)DWDK� ³ $� UREXVW�
f+ 6\QWKHVLV� &RQWUROOHU� )RU� 3RZHU� 6\VWHP�

6WDELOL]DWLRQ´ $XWRPDWLF� &RQWURO� DQG� 6\VWHP�(QJLQHHULQJ� �$&6(�� MRXUQDO�� ,661� �����������YROXPH�����,VVXH����������S��������>��@� .ZDNHUQDDN� +��� �$ SRO\QRPLDO� DSSURDFK� WR� +�RSWLPL]DWLRQ� RI� FRQWURO� V\VWHPV� LQ� 0RGHOLQJ��5REXVWQHVV� DQG� 6HQVLWLYLW\� 5HGXFWLRQ��� 5XWK�)�&XUWDLQ��6SULQJHU��%HUOLQ��������S��������>��@� *ULPEOH� 0�-��� �1HZ� GLUHFWLRQ� LQ� DGDSWLYH� FRQWURO�WKHRU\� DQG� DSSOLFDWLRQV��� ,)$&�,),3�,0$&6� &RQI���&RQWURO� RI� LQGXVWULDO� V\VWHPV�� %HOIRUW�� )UDQFH�� ������S����������>��@��0$7/$%�0DWK�/LEUDU\�8VHU
V�*XLGH���E\�WKH�0DWK�:RUNV��,QF���������
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