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� $EVWUDFW� �� )X]]\� &RJQLWLYH� 0DSV� �)&0V�� KDYH� IRXQG�
PDQ\� DSSOLFDWLRQV� LQ� VRFLDO� �ILQDQFLDO� �SROLWLFDO� SUREOHPV�� ,Q�
WKLV�SDSHU�ZH�SURSRVH�D�PHWKRG�RI�)&0�RSHUDWLRQ��ZKLFK�FDQ�
EH� XVHG� WR� UHSUHVHQW� DQG� FRQWURO� DQ\� UHDO� V\VWHP�� LQFOXGLQJ�
WUDGLWLRQDO� HOHFWUR�PHFKDQLFDO� V\VWHPV�� ,Q� WKH� SURSRVHG�
DSSURDFK� WKH�)&0�UHDFKHV� LWV�HTXLOLEULXP�SRLQW�XVLQJ�GLUHFW�
IHHGEDFN� IURP� WKH� QRGH� YDOXHV� RI� WKH� UHDO� V\VWHP� DQG� WKH�
OLPLWDWLRQV� LPSRVHG� E\� WKH� FRQWURO� REMHFWLYHV� IRU� WKH� QRGH�
YDOXHV� RI� WKH� V\VWHP�� 7R� DYRLG� LQWHQVLYH� LQWHUIHUHQFH� RI� WKH�
XSGDWLQJ� PHFKDQLVP� ZLWK� WKH� UHDO� V\VWHP�� D� WHFKQLTXH� LV�
SURSRVHG�ZKLFK�VWRUHV�WKH�SUHYLRXVO\�HQFRXQWHUHG�RSHUDWLRQDO�
VLWXDWLRQV� LQ� D� IX]]\� LI�WKHQ� UXOH� GDWDEDVH�� 7KH� SURSRVHG�
PHWKRGRORJ\�LV�WHVWHG�E\�VLPXODWLQJ�WKH�RSHUDWLRQ�RI�D�K\GUR�
HOHFWULF�SODQW���
�
� ,QGH[�7HUPV���)X]]\�&RJQLWLYH�0DSV��+HEELDQ�UXOH��6WDWH�
IHHGEDFN��:HLJKW�8SGDWLQJ��)X]]\�/RJLF�5XOHV��
�
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� 7KH� VFLHQWLILF� FRPPXQLW\� ZDV� SODFHG� XQGHU� WKH�
REOLJDWLRQ�RI�JLYLQJ�VROXWLRQV�WR�SUREOHPV�WKH�VHWWOHPHQW�RI�
ZKLFK� VHHPHG� UDWKHU� GLIILFXOW� WKH� \HDUV� EHIRUH�� )X]]\�
&RJQLWLYH� 0DSV� �)&0�� FDQ� PRGHO� G\QDPLFDO� FRPSOH[�
V\VWHPV�WKDW�FKDQJH�ZLWK�WLPH�IROORZLQJ�QRQOLQHDU�ODZV�>�@��
)&0V�XVH�D�V\PEROLF�UHSUHVHQWDWLRQ�IRU�WKH�GHVFULSWLRQ�DQG�
PRGHOLQJ� RI� WKH� V\VWHP�� ,Q� RUGHU� WR� LOOXVWUDWH� GLIIHUHQW�
DVSHFWV�LQ�WKH�EHKDYLRU�RI�WKH�V\VWHP��D�IX]]\�FRJQLWLYH�PDS�
LV� FRQVLVWHG� RI� QRGHV� ZLWK� HDFK� QRGH� UHSUHVHQWLQJ� D�
FKDUDFWHULVWLF�RI�WKH�V\VWHP��7KHVH�QRGHV�LQWHUDFW�ZLWK�HDFK�
RWKHU� VKRZLQJ� WKH� G\QDPLFV� RI� WKH� V\VWHP� LQ� VWXG\�� $Q�
)&0�LQWHJUDWHV�WKH�DFFXPXODWHG�H[SHULHQFH�DQG�NQRZOHGJH�
RQ�WKH�RSHUDWLRQ�RI�WKH�V\VWHP��DV�D�UHVXOW�RI�WKH�PHWKRG�E\�
ZKLFK�LW�LV�FRQVWUXFWHG��L�H���XVLQJ�KXPDQ�H[SHUWV�ZKR�NQRZ�
WKH�RSHUDWLRQ�RI�V\VWHP�DQG�LWV�EHKDYLRU��

�)X]]\�FRJQLWLYH�PDSV�KDYH�DOUHDG\�EHHQ�XVHG�WR�PRGHO�
EHKDYLRUDO� V\VWHPV� LQ� PDQ\� GLIIHUHQW� VFLHQWLILF� DUHDV�� )RU�
H[DPSOH��LQ�SROLWLFDO�VFLHQFH�>�@��IX]]\�FRJQLWLYH�PDSV�ZHUH�
XVHG� WR� UHSUHVHQW� VRFLDO� VFLHQWLILF� NQRZOHGJH� DQG�GHVFULEH�
GHFLVLRQ�PDNLQJ�PHWKRGV�>�@��>�@��>�@��.RVNR�HQKDQFHG�WKH�
SRZHU�RI�FRJQLWLYH�PDSV�FRQVLGHULQJ�IX]]\�YDOXHV�IRU�WKHLU�
QRGHV� DQG� IX]]\� GHJUHHV� RI� LQWHUUHODWLRQVKLSV� EHWZHHQ�
QRGHV�>�@�� >�@��$IWHU� WKLV�SLRQHHULQJ�ZRUN�� IX]]\�FRJQLWLYH�
PDSV�DWWUDFWHG�WKH�DWWHQWLRQ�RI�VFLHQWLVWV�LQ�PDQ\�ILHOGV�DQG�
WKH\� KDYH� EHHQ� XVHG� LQ� D� YDULHW\� RI� GLIIHUHQW� VFLHQWLILF�
SUREOHPV�� )X]]\� FRJQLWLYH� PDSV� KDYH� EHHQ� XVHG� IRU�
SODQQLQJ�DQG�PDNLQJ�GHFLVLRQV�LQ�WKH�ILHOG�RI� LQWHUQDWLRQDO�
UHODWLRQV� DQG� SROLWLFDO� GHYHORSPHQWV� >�@� DQG� WR�PRGHO� WKH�

EHKDYLRU�DQG�UHDFWLRQV�RI�YLUWXDO�ZRUOGV��)&0V�KDYH�EHHQ�
SURSRVHG�DV�D�JHQHULF�V\VWHP�IRU�GHFLVLRQ�DQDO\VLV� >�@�� >�@�
DQG�DV�FRRUGLQDWRU�RI�GLVWULEXWHG�FRRSHUDWLYH�DJHQWV��6RPH�
SUREOHPV�RI�HOHFWULFDO�DQG�PHFKDQLFDO�HQJLQHHULQJ�DUH�DOVR�
SODFHG� LQ� WKH� IX]]\� SDUW� RI� VFLHQFH� DQG� WKH\� KDYH� EHHQ�
VWXGLHG�WKRURXJKO\�HQRXJK�WKH�ODVW�\HDUV�IURP�D�JRRG�PDQ\�
RI� VFLHQWLVWV�� $� ODUJH� QXPEHU� RI� GLIIHUHQW� PHWKRGV� KDYH�
RFFDVLRQDOO\� EHHQ� XVHG� LQ� RUGHU� WR� ZRUN� RXW� WKLV� NLQG� RI�
SUREOHPV��$V�VKRZQ� LQ� WKLV�SDSHU�� WKH�)&0�DSSURDFK� FDQ�
VHUYH�DV�D�UHOLDEOH�DSSURDFK�IRU�WKHVH�SUREOHPV�WRR��
������2QH� RSHQ� LVVXH� UHODWHG� WR� )&0V�� LV� WKHLU� RSHUDWLRQ� LQ�
FORVH�FRRSHUDWLRQ�ZLWK� WKH� UHDO� V\VWHP� WKH\�GHVFULEH��7KLV�
LQ�WXUQ�LPSOLHV�WKDW�VXFK�DQ�RQ�OLQH�LQWHUDFWLRQ�ZLWK�WKH�UHDO�
V\VWHP� PLJKW� UHTXLUH� FKDQJHV� LQ� WKH� ZHLJKW�
LQWHUFRQQHFWLRQV�� ZKLFK� UHIOHFW� WKH� H[SHUWV¶� NQRZOHGJH�
DERXW�WKH�QRGH�LQWHUGHSHQGHQFH��7KLV�NQRZOHGJH�PLJKW�QRW�
EH� HQWLUHO\� FRUUHFW� RU� SHUKDSV�� WKH� V\VWHP� KDV� XQGHUJRQH�
FKDQJHV�GXULQJ�LWV�RSHUDWLRQ��

�,Q� WKLV� SDSHU� DQ� )&0� RSHUDWLRQ� PHWKRG� LV� SURSRVHG��
ZKLFK� LV� LQ�FORVH� LQWHUDFWLRQ�ZLWK� WKH� V\VWHP� LW� UHSUHVHQWV��
7KH�)&0�QRGHV�DUH�GLYLGHG�LQ�FRQWURO�DQG�UHIHUHQFH�QRGHV��
ZKHUH� FRQWURO� QRGHV� UHSUHVHQW� FRQWURO� YDULDEOHV� RI� WKH�
V\VWHP�DQG�UHIHUHQFH�QRGHV� UHSUHVHQW�HLWKHU�YDULDEOHV�ZLWK�
FRQVWDQW� YDOXHV�RU� YDULDEOHV�ZLWK� GHVLUHG� �JRDO�� YDOXHV�� ,Q�
WKH� SURSRVHG� DSSURDFK�� WKH� )&0� UHDFKHV� LWV� HTXLOLEULXP�
SRLQW�XVLQJ�GLUHFW�IHHGEDFN�IURP�WKH�QRGH�YDOXHV�RI�WKH�UHDO��
V\VWHP�DQG�WKH�OLPLWDWLRQV�LPSRVHG�E\�WKH�UHIHUHQFH�QRGHV��
7KH� LQWHUFRQQHFWLRQV� ZHLJKWV� DUH� RQ�OLQH� DGMXVWHG� GXULQJ�
WKLV� RSHUDWLRQ� E\� XVLQJ� WKH� +HEELDQ� XSGDWLQJ� ODZ�� ZKLFK�
KRZHYHU� XVHV� V\VWHP� IHHGEDFN�� 0RUHRYHU�� WKH� XSGDWLQJ�
SURFHGXUH� LV� IXUWKHU� HQKDQFHG� DQG� DFFHOHUDWHG� E\� XVLQJ�
LQIRUPDWLRQ�IURP�SUHYLRXV�HTXLOLEULXP�SRLQWV�RI�WKH�V\VWHP�
RSHUDWLRQ�� 7KLV� LV� DFKLHYHG� E\� G\QDPLFDOO\� EXLOGLQJ� D�
GDWDEDVH��ZKLFK��IRU�HDFK�HQFRXQWHUHG�RSHUDWLRQDO�VLWXDWLRQ�
DVVLJQV�D�IX]]\�LI�WKHQ�UXOH�FRQQHFWLQJ�WKH�LQYROYHG�ZHLJKW�
DQG� QRGH� YDOXHV�� 7KH� UDQJH� RI� WKH� QRGH� DQG� ZHLJKW�
YDULDEOHV� LV� G\QDPLFDOO\� SDUWLWLRQHG� WR� GHILQH� DSSURSULDWH�
PHPEHUVKLS�IXQFWLRQV��7KLV�ZD\��WKH�ZHLJKW�XSGDWLQJ�XVLQJ�
V\VWHP� IHHGEDFN� JUDGXDOO\� VWDUWV� IURP� YDOXHV� ZKLFK� DUH�
FORVHU� WR� WKH� GHVLUHG� RQHV� DQG� WKHUHIRUH� WKH� SURFHGXUH� LV�
VLJQLILFDQWO\�VSHG�XS��

�7KH�SDSHU�LV�RUJDQL]HG�DV�IROORZV�� � �6HFWLRQ�,,�JLYHV�D�
VKRUW� GHVFULSWLRQ� RI� )&0V� DQG� WKHLU� ZD\� RI� RSHUDWLRQ��
6HFWLRQ�,,,� LQWURGXFHV�WKH�SURSRVHG�FRPELQHG�RSHUDWLRQ�RI�
WKH� )&0� DQG� WKH� UHDO� V\VWHP� DQG� SUHVHQWV� WKH� UHOHYDQW�



+HEELDQ� UXOH� WR� XSGDWH� LQWHUFRQQHFWLRQV� ZHLJKWV�� 6HFWLRQ�
,9� SUHVHQWV� WKH� SURSRVHG� DSSURDFK� IRU� VWRULQJ�� LQ� D� IX]]\�
UHSUHVHQWDWLRQ�� SUHYLRXV� RSHUDWLRQDO� LQIRUPDWLRQ� RI� WKH�
V\VWHP� DQG� WKH� VSHHG�XS� RI� WKH� XSGDWLQJ� SURFHGXUH�� 7KH�
SUHVHQWDWLRQ� RI� WKH� QHZ� DSSURDFK� LV� EXLOW� E\� XVLQJ� D�
VLPXODWLRQ�VWXG\�RI�D�K\GUR�HOHFWULF�SRZHU�SODQW��7KH�ILQDO�
FRQFOXVLRQV�DUH�JLYHQ�LQ�6HFWLRQ�9�
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� )X]]\� FRJQLWLYH�PDSV� DSSURDFK� LV� D� K\EULG�PRGHOLQJ�
PHWKRGRORJ\��H[SORLWLQJ�FKDUDFWHULVWLFV�RI�ERWK�IX]]\�ORJLF�
DQG�QHXUDO�QHWZRUNV�WKHRULHV�DQG�LW�PD\�SOD\�DQ� LPSRUWDQW�
UROH� LQ� WKH� GHYHORSPHQW� RI� LQWHOOLJHQW� PDQXIDFWXULQJ�
V\VWHPV�� 7KH� XWLOL]DWLRQ� RI� H[LVWLQJ� NQRZOHGJH� DQG�
H[SHULHQFH�RQ�WKH�RSHUDWLRQ�RI�FRPSOH[�V\VWHPV�LV�WKH�FRUH�
RI�WKLV�PRGHOLQJ�DSSURDFK��([SHUWV�GHYHORS�IX]]\�FRJQLWLYH�
PDSV� DQG� WKH\� WUDQVIRUP� WKHLU� NQRZOHGJH� LQ� D� G\QDPLF�
FRJQLWLYH�PDS�>�@��

�7KH�JUDSKLFDO� LOOXVWUDWLRQ�RI�)&0�LV�D� VLJQHG�GLUHFWHG�
JUDSK� ZLWK� IHHGEDFN�� FRQVLVWLQJ� RI� QRGHV� DQG� ZHLJKWHG�
LQWHUFRQQHFWLRQV�� 1RGHV� RI� WKH� JUDSK� VWDQG� IRU� WKH� QRGHV�
WKDW� DUH� XVHG� WR� GHVFULEH� WKH� EHKDYLRU� RI� WKH� V\VWHP� DQG�
WKH\� DUH� FRQQHFWHG� E\� VLJQHG� DQG� ZHLJKWHG� DUFV�
UHSUHVHQWLQJ�WKH�FDXVDO�UHODWLRQVKLSV�WKDW�H[LVW�DPRQJ�QRGHV�
�)LJ�� ���� (DFK� QRGH� UHSUHVHQWV� D� FKDUDFWHULVWLF� RI� WKH�
V\VWHP�� ,Q� JHQHUDO� LW� VWDQGV� IRU� VWDWHV�� YDULDEOHV�� HYHQWV��
DFWLRQV�� JRDOV�� YDOXHV�� WUHQGV� RI� WKH� V\VWHP� ZKLFK� LV�
PRGHOHG�DV�DQ�)&0�>��@��(DFK�QRGH�LV���FKDUDFWHUL]HG�E\�D�
QXPEHU�$� ��ZKLFK�UHSUHVHQWV�LWV�YDOXH�DQG�LW�UHVXOWV�IURP�WKH�
WUDQVIRUPDWLRQ�RI�WKH�UHDO�YDOXH�RI�WKH�V\VWHP
V�YDULDEOH��IRU�
ZKLFK� WKLV� QRGH� VWDQGV�� LQ� WKH� LQWHUYDO� >��� �@�� ,W� PXVW� EH�
PHQWLRQHG�WKDW�DOO�WKH�YDOXHV�LQ�WKH�JUDSK�DUH�IX]]\��DQG�VR�
ZHLJKWV� RI� WKH� LQWHUFRQQHFWLRQV� EHORQJ� WR� WKH� LQWHUYDO���������
>�����@��:LWK�WKH�JUDSKLFDO�UHSUHVHQWDWLRQ�RI�WKH�EHKDYLRUDO�
PRGHO� RI� WKH� V\VWHP�� LW� EHFRPHV� FOHDU� ZKLFK� QRGH� RI� WKH�
V\VWHP�LQIOXHQFHV�RWKHU�QRGHV�DQG�LQ�ZKLFK�GHJUHH��

�7KH� PRVW� HVVHQWLDO� SDUW� LQ� PRGHOLQJ� D� V\VWHP� XVLQJ�
)&0V��LV�WKH�GHYHORSPHQW�RI�WKH�IX]]\�FRJQLWLYH�PDS�LWVHOI��
WKH� GHWHUPLQDWLRQ� RI� WKH� QRGHV� WKDW� EHVW� GHVFULEH� WKH�
V\VWHP�� WKH� GLUHFWLRQ� DQG� WKH� JUDGH� RI� FDXVDOLW\� EHWZHHQ�
QRGHV��7KH�VHOHFWLRQ�RI�WKH�GLIIHUHQW� IDFWRUV�RI� WKH�V\VWHP��
ZKLFK�PXVW�EH�SUHVHQWHG�LQ�WKH�PDS��ZLOO�EH�WKH�UHVXOW�RI�D�
FORVH�XS� RQ� V\VWHP
V� RSHUDWLRQ� EHKDYLRU� DV� EHHQ� DFTXLUHG�
E\�H[SHUWV��&DXVDOLW\�LV�DQRWKHU�LPSRUWDQW�SDUW� LQ�WKH�)&0�
GHVLJQ��LW�LQGLFDWHV�ZKHWKHU�D�FKDQJH�LQ�RQH�YDULDEOH�FDXVHV�
FKDQJH�LQ�DQRWKHU��DQG� LW�PXVW� LQFOXGH� WKH�SRVVLEOH�KLGGHQ�
FDXVDOLW\� WKDW� LW� FRXOG� H[LVW� EHWZHHQ� VHYHUDO� QRGHV�� 7KH�
PRVW� LPSRUWDQW� HOHPHQW� LQ� GHVFULELQJ� WKH� V\VWHP� LV� WKH�
GHWHUPLQDWLRQ�RI�ZKLFK�QRGH�LQIOXHQFHV�ZKLFK�RWKHU�DQG�LQ�
ZKDW� GHJUHH�� 7KHUH� DUH� WKUHH� SRVVLEOH� W\SHV� RI� FDXVDO�
UHODWLRQVKLSV� DPRQJ� QRGHV� WKDW� H[SUHVV� WKH� W\SH� RI�
LQIOXHQFH� IURP� RQH� QRGH� WR� WKH� RWKHUV�� 7KH�ZHLJKW� RI� WKH�
LQWHUFRQQHFWLRQ� EHWZHHQ� QRGH� & � � DQG� QRGH� &� � GHQRWHG� E\���
: � � �� FRXOG� EH� SRVLWLYH� �: � � � !� ��� IRU� SRVLWLYH� FDXVDOLW\� RU�
QHJDWLYH� �: � � � �� ��� IRU� QHJDWLYH� FDXVDOLW\� RU� WKHUH� LV� QR�
UHODWLRQVKLS� EHWZHHQ� QRGH� & � �� DQG� QRGH� &� �� WKXV�: � � �  � ���

����
7KH� FDXVDO� NQRZOHGJH� RI� WKH� G\QDPLF� EHKDYLRU� RI� WKH�
V\VWHP����LV�VWRUHG����LQ�WKH����VWUXFWXUH�RI�WKH�PDS�DQG���LQ�
WKH� LQWHUFRQQHFWLRQV� WKDW� VXPPDUL]H� WKH� FRUUHODWLRQ�
EHWZHHQ� FDXVH� DQG� HIIHFW�� 7KH� YDOXH� RI� HDFK� QRGH� LV�
LQIOXHQFHG� E\� WKH� YDOXHV� RI� WKH� FRQQHFWHG� QRGHV�ZLWK� WKH�
FRUUHVSRQGLQJ�FDXVDO�ZHLJKWV�DQG�E\�LWV�SUHYLRXV�YDOXH��6R��
WKH�YDOXH�$� �IRU�HDFK�QRGH�&� �LV�FDOFXODWHG�E\�WKH�IROORZLQJ�
UXOH�>��@��

ZKHUH��  !$ ���LV�WKH�YDOXH�RI�QRGH�� "& ��DW�VWHS�V��
#$

%$ & �LV�WKH�
YDOXH� RI� QRGH� '& ��� DW� VWHS� V����

()*$ + �LV� WKH� YDOXH� RI� QRGH�
"& �DW�VWHS�V����DQG� , -: �LV�WKH�ZHLJKW�RI�WKH�LQWHUFRQQHFWLRQ�

EHWZHHQ� '& �DQG�� .& ��DQG� I �LV�D�VTXDVKLQJ�IXQFWLRQ���
�
6TXDVKLQJ�IXQFWLRQV��
�
��������� I  �WDQK�[���PDSV�WKH�QRGHV�YDOXHV�LQ�>������@�
�
������ � / 0HI 1� �

� �E\� XVLQJ� F �� ZH� FRQYHUW� WKH� QRGHV�
YDOXHV�LQ�>�����@��,W�DOVR�FDOOHG�VLJPRLG�IXQFWLRQ��7KH�VHFRQG�
IXQFWLRQ� LV� WKH� PRVW� FRPPRQ� IXQFWLRQ� ZKLFK� LV� XVHG� LQ�
)&0¶V���

,,,� : ��� ��2�� 8 � � � ��� ��� 8 � � ��� 6 � � ��� � ) �����
3 � ��4 �
�,Q�WKLV�VHFWLRQ�ZH�ZLOO�DQDO\]H�WKH�SURSRVHG�PHWKRG�RI�

XSGDWLQJ� WKH� LQWHUFRQQHFWLRQV�ZHLJKWV� RI� )&0� WDNLQJ� LQWR�
DFFRXQW� IHHGEDFN�QRGH�YDOXHV�IURP�WKH�UHDO� V\VWHP��8VLQJ�
WKH� XSGDWHG� ZHLJKWV� WKH� )&0� UHDFKHV� D� QHZ� HTXLOLEULXP�
SRLQW� E\� PHDQV� RI� HTXDWLRQ� ����� 6RPH� RI� WKH� QHZ� QRGH�
YDOXHV� FDQ� EH� DSSOLHG� � � DV� � � FRQWURO� � � YDOXHV� WR� WKH� UHDO�
V\VWHP�� 2QH� FRPPRQO\� XVHG� WHFKQLTXH� IRU� XSGDWLQJ�
ZHLJKWV� LQ� )&0V� LV� WKH� +HEELDQ� XSGDWLQJ� UXOH� >��@�� >�@��
>��@���,Q�RXU���DSSURDFK���WKH�XSGDWLQJ�LV�PDGH�E\�XVLQJ�WKH�
FRQYHQWLRQDO� +HEELDQ� UXOH�� ZKLFK� KRZHYHU�� XVHV�
PHDVXUHPHQWV� IURP� WKH� QRGH� YDOXHV� WDNHQ� IURP� WKH� UHDO�
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V\VWHP���7KLV�ZD\�WKH�XSGDWLQJ�RI�WKH�ZHLJKWV�UHIOHFWV�UHDO�
FKDQJHV� WKDW�KDYH� WR�EH�PDGH� LQ�RXU�NQRZOHGJH� DERXW� WKH�
V\VWHP��ZKLFK�LV�UHSUHVHQWHG�E\�WKH�LQWHUFRQQHFWLRQ�ZHLJKWV��
7KLV� VLWXDWLRQ� LV�PRUH� DSSDUHQW� LQ� FDVHV�ZKHUH� WKHUH� H[LVW�
VWHDG\� YDOXH� QRGHV�� ZKLFK�� LQ� WKH� UHDO� V\VWHP�� DUH� QRW�
DIIHFWHG�E\�WKH�YDOXHV�RI�WKH�RWKHU�QRGHV��,Q�WKLV�FDVH��LI�WKH�
)&0� FRQYHUJHQFH� HTXDWLRQ� ���� LV� OHIW� WR� RSHUDWH� ZLWK�
ZHLJKW�DGMXVWPHQWV�WKDW�GR�QRW�WDNH�LQWR�DFFRXQW�WKH�VWHDG\�
QRGH�YDOXHV�IDFW��WKHQ�WKH�HTXLOLEULXP�SRLQW�ZLOO�JLYH�QRGH�
YDOXHV� IRU� WKH� DERYH� PHQWLRQHG� QRGHV�� ZKLFK� PLJKW� EH�
GLIIHUHQW� WKDQ� WKH� VWHDG\� YDOXHV�� ZKLFK� LQ� WXUQ� LPSOLHV� DQ�
XQUHDOLVWLF�SRLQW�RI�RSHUDWLRQ�IRU�RXU�V\VWHP��

�/HW� XV�� IRU� H[DPSOH�� DQDO\]H� DQ� )&0� KDYLQJ� RQH� RU�
PRUH�QRGHV�ZLWK�FRQVWDQW�YDOXHV��7KLV�PHDQV�WKDW�QR�KXPDQ�
DFWLRQ� FDQ� LQWHUYHQH�� LQ� D� PHFKDQLF� ZD\� ZLWK� WKLV� YDOXH��
6XSSRVH� WKDW� LQ� WKH� )&0� RI� )LJ�� �� QRGHV� &�� DQG� &����
FDQQRW� FKDQJH� WKHLU� YDOXHV�� 7KH� YDOXHV� RI� WKHVH� QRGHV�
GHULYH� IURP� WKH� V\VWHP� WKDW� LV� H[DPLQHG�� 7KH� WDEOH� RI�
LQWHUFRQQHFWLRQ�ZHLJKWV�IRU�WKLV�V\VWHP�LV��
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�:H� VHH� WKDW� FROXPQV� �� DQG� �� WKDW� FRQFHUQ� QRGHV� &��
DQG� &�� DUH� ]HUR�� :KHQ� DSSO\LQJ� HTXDWLRQ� ���� IRU� QRGH�
YDOXH� XSGDWLQJ� ZH� KDYH� WR� FRQVLGHU� WKH� VWHDG\� YDOXHV� RI�
QRGHV�&��DQG�&��E\�XVLQJ�D�FRPSDQLRQ�DGMXVWLQJ�HTXDWLRQ��
7KXV�� HTXDWLRQ� ���� LV� QRZ� UHSODFHG� E\� WKH� IROORZLQJ� WZR�
HTXDWLRQV��

$QG�IRU�WKH�VWHDG\�VWDWH�QRGHV�RQH�KDV��
cde�f�g d hidkj lnmo o$ $ � ����

�

�

�
ZKHUH� = pq=nr skt?$ �LV� WKH� QRGH¶V� YDOXH�� GHULYHG� IURP� WKH� UHDO�
V\VWHP�� 7KHVH� YDOXHV� DUH� HLWKHU� PHDVXUHG� RQ�OLQH� RU� DUH�
NQRZQ�EHIRUHKDQG�DV�WKH�VWHDG\�QRGHV�YDOXHV�RI�WKH�DERYH�
H[DPSOH�� ,Q� RUGHU� WR� GULYH� WKH� )&0� LQ� D� UHDOLVWLF�
UHSUHVHQWDWLRQ�RI�WKH�V\VWHP�DQG�LWV�FRQWURO�DFWLRQV�ZH�KDYH�
WR�XSGDWH�WKH�LQWHUFRQQHFWLRQ�ZHLJKWV�XVLQJ�WKHVH�PHDVXUHG�
QRGH� YDOXHV� IURP� WKH� UHDO� V\VWHP�� %DVHG� RQ� WKH� XSGDWHG�
ZHLJKWV�� HTXDWLRQV� ���� DQG� ���� ZLOO� SURGXFH� D� QHZ� VHW� RI�
QRGH�YDOXHV�ZKLFK�UHSUHVHQW� WKH�FRQWURO�DFWLRQV�DSSOLHG� WR�
WKH�UHDO�V\VWHP���7KH�SURFHGXUH��ZKLFK�LV�GHSLFWHG�LQ�)LJ�����
LV� UHSHWLWLYHO\� DSSOLHG� GXULQJ� WKH� RSHUDWLRQ� RI� WKH� V\VWHP��
7KH�ZHLJKWV�WKDW�DUH�QRQ�]HUR�DUH�UHQHZHG�DFFRUGLQJ�WR�WKH�
+HEELDQ�UXOH���
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ZKHUH�N�LV�WKH�QXPEHU�RI�LWHUDWLRQ�DQG� D �LV�WKH�OHDUQLQJ�UDWH�
�XVXDOO\�� ������

�7KH� SURFHGXUH� GHVFULEHG� LQ� )LJ�� �� XVHV� UHSHWLWLYHO\�
HTXDWLRQV� ����� ����� ���� DQG� ���� WR� SURYLGH� ZLWK� DQ� )&0��
ZKLFK� WRWDOO\� FRUUHVSRQGV� DQG� FRRSHUDWHV� ZLWK� WKH� UHDO�
V\VWHP��7KH�FRQWURO�QRGHV�RI�WKH�V\VWHP��QRGHV�&���&��DQG�
&��RI�)LJ�����DUH�QRZ�WDNLQJ�YDOXHV�ZKLFK�WDNH�LQWR�DFFRXQW�
WKH� VWHDG\� QRGH� YDOXHV� �&�� DQG� &��� DQG� WKH� ZHLJKW�
LQWHUFRQQHFWLRQV�XSGDWHG�YDOXHV��
,9� ) 	
����� 5� � �� � ����� � ��� �� 2 C 3 ����
� ��	 � 2 � ��� � ��� ��

3 ��� ��� � �
�7KH� SURFHGXUH� GHVFULEHG� LQ� WKH� SUHYLRXV� VHFWLRQ�

PRGLILHV�RXU�NQRZOHGJH�DERXW� WKH� V\VWHP�E\� FRQWLQXRXVO\�
PRGLI\LQJ� WKH� ZHLJKW� LQWHUFRQQHFWLRQV� DQG� FRQVHTXHQWO\�
WKH� QRGH� YDOXHV�� 'XULQJ� WKH� UHSHWLWLYH� XSGDWLQJ� RSHUDWLRQ�
WKH� SURFHGXUH� XVHV� IHHGEDFN� IURP� WKH� V\VWHP� YDULDEOHV��
7KLV�PHDQV�WKDW�LQ�HDFK�LWHUDWLRQ�DOO�WKH�LQWHUPHGLDWH�ZHLJKW�
DQG�QRGH�YDOXHV��VRPH�RI�ZKLFK�DUH�FRQWURO�YDOXHV��DUH�IHG�
WR�WKH�UHDO�V\VWHP�DQG�LWV�UHVSRQVH�LV�XVHG�WR�JLYH� WKH�QHZ�
XSGDWLQJ�GLUHFWLRQ���
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,W� LV�REYLRXV�WKDW� WKLV�SURFHGXUH�FRQWLQXRXVO\�³DQQR\V´�

WKH� SK\VLFDO� V\VWHP�� VRPHWKLQJ� WKDW� LQ� PDQ\� FDVHV� LV�
XQGHVLUDEOH�� ,Q� WKH� VHTXHQFH� ZH� SURSRVH� D� PHWKRGRORJ\�
WKDW�DOOHYLDWHV�WKLV�³DQQR\DQFH´�DQG�VSHHGV�XS�WKH�XSGDWLQJ�
SURFHGXUH���

�7R� PDNH� WKH� PHWKRG� FOHDU�� ZH� FKRRVH� D� VLPSOH�
PHFKDQLFDO�SUREOHP�RI�D�K\GURHOHFWULF�SRZHU�VWDWLRQ�VKRZQ�
LQ� )LJ�� ��D��� 7KH� )&0� UHSUHVHQWDWLRQ� RI� WKH� V\VWHP� LV�
VKRZQ�LQ�)LJ�����E���:H�ZDQW�WR�UHJXODWH�WKH�IORZ�LQ�WKH�WZR�
+\GUR�JHQHUDWRUV� ��� DQG� ���� LQ� RUGHU� WR� FRPSO\� ZLWK�
SRVVLEOH�SRZHU�GHPDQGV���

�7KH�V\VWHP�KDV�RQH�VWHDG\�YDOXH�QRGH�>5LYHU��UHIHUHQFH�
QRGH�@�� WKUHH�FRQWURO�QRGHV� >9DOYH��� �� �QRGH����9DOYH��� ��
QRGH��� DQG�9DOYH��� ±� � QRGH� �@� DQG� WZR� VLPSOH� RSHUDWLRQ�
QRGHV�>7DQN�����QRGH����7DQN�����QRGH��@��2QH�RU�PRUH�RI�
QRGHV������������DQG���YDOXHV�KDYH� WR�EH� UHJXODWHG�VR� WKDW�
K\GUR�JHQHUDWRUV���DQG���FDQ�UHFHLYH�WKH�GHVLUHG�ZDWHU�IORZ�
YDOXHV���
�����%DVHG�RQ�H[SHUWV�NQRZOHGJH�UHJDUGLQJ�WKH�PHFKDQLFV�RI�
WKH� V\VWHP� D� UHSUHVHQWDWLYH� ZHLJKW� PDWUL[� :� LV� WKH�
IROORZLQJ��
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ZKLFK�� DIWHU� DSSO\LQJ� HTXDWLRQV� ���� DQG� ����� JLYHV� WKH�
IROORZLQJ�)&0�HTXLOLEULXP�QRGH�YDOXHV��
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��6XSSRVH�ZH�ZDQW�WR�GULYH�QRGHV���DQG���WR�������DQG�

������� UHVSHFWLYHO\�� ,Q� WKLV� FDVH� ZH� VKRXOG� DGDSW� WKH�
ZHLJKWV�RI� WKH�)&0�XVLQJ�UHSHWLWLYHO\�HTXDWLRQV� ����±� �����
$IWHU� ��� LWHUDWLRQV� ZH� ZLOO� ILQG� WKDW� WKH� )&0� DFFXUDWHO\�
GHVFULEHV� WKH� RSHUDWLRQ� RI� WKH� UHDO� V\VWHP�� 7KH� ILQDO� :�
PDWUL[�LV��
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��7R�DYRLG�UXQQLQJ�DJDLQ�VR�PDQ\�LWHUDWLRQV�WR�FRPSXWH�

QHZ�QRGH�DQG�ZHLJKW�YDOXHV�IRU�RWKHU�GHVLUHG�QRGH�YDOXHV��
ZKLFK� PLJKW� EH� FORVH� WR� WKH� RQHV� HQFRXQWHUHG� DERYH� ZH�
ZDQW� WR�NHHS� WKH�ZHLJKW�DQG�QRGH� LQIRUPDWLRQ�DULVHQ�IURP�
WKH�DERYH�HTXLOLEULXP�SRLQWV��7R�GR�WKDW�ZH�DUH�VWRULQJ�WKH�
QRGH� DQG� ZHLJKW� GHSHQGHQFLHV� LQ� D� IX]]\� UXOH� EDVHG�
GDWDEDVH��

�)RU�H[DPSOH��WKH�IX]]\�UXOH�GDWDEDVH��ZKLFK�LV�REWDLQHG�
XVLQJ� WKH� LQIRUPDWLRQ� IURP� WKH� WZR� SUHYLRXV� HTXLOLEULXP�
SRLQWV��LV�UHVROYHG�DV�IROORZV��
�
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$QG�ULJKW�KDQG�VLGH��WKHQ�SDUW��
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�
7KHUH� DUH� WZR� UXOHV� UHODWHG� WR� WKH� DERYH� WZR� GLIIHUHQW�
HTXLOLEULXP�VLWXDWLRQV��
5XOH���
LI�QRGH���LV�PI�������DQG�QRGH���LV�PI����������DQG��������
����QRGH���LV�PI����������
WKHQ��Z���LV�PI��DQG�Z���LV�PI��DQG�Z���LV�PI��DQG������
����������Z���LV�PI��DQG�Z���LV�PI��DQG�Z���LV�PI��DQG��������
����������Z���LV�PI��DQG�Z���LV�PI��DQG�Z���LV�PI��
�
5XOH���
LI�QRGH���LV�PI�������DQG�QRGH���LV�PI���������DQG���������
����QRGH���LV�PI����������
WKHQ��Z���LV�PI��DQG�Z���LV�PI��DQG�Z���LV�PI��DQG������
����������Z���LV�PI��DQG�Z���LV�PI��DQG�Z���LV�PI��DQG������
����������Z���LV�PI��DQG�Z���LV�PI��DQG��Z���LV�PI��
�

�7KH� QXPEHU� DQG� VKDSH� RI� WKH� IX]]\� PHPEHUVKLS�
IXQFWLRQV� RI� WKH� YDULDEOHV� RI� ERWK� VLGHV� RI� WKH� UXOHV� DUH�
JUDGXDOO\� PRGLILHG� DV� QHZ� GHVLUHG� HTXLOLEULXP� SRLQWV�
DSSHDU� WR� WKH� V\VWHP� GXULQJ� LWV� RSHUDWLRQ�� 7R� DGG� D� QHZ�
WULDQJXODU�PHPEHUVKLS�IXQFWLRQ�LQ�WKH�IX]]\�GHVFULSWLRQ�RI�D�
YDULDEOH��WKH�QHZ�YDOXH�RI�WKH�YDULDEOH�PXVW�GLIIHU�IURP�RQH�
DOUHDG\�HQFRXQWHUHG�YDOXH�PRUH�WKDQ�D�VSHFLILHG�WKUHVKROG��
7KH�WKUHVKROG�FRPHV�XVXDOO\�DV�D�FRPSURPLVH�EHWZHHQ�WKH�
PD[LPXP�QXPEHU�RI�DOORZDEOH�UXOHV�DQG�WKH�GHWDLO�LQ�IX]]\�
UHSUHVHQWDWLRQ�RI�HDFK�YDULDEOH���

�6XSSRVH�QRZ�WKDW�ZH�ZDQW�WR�GULYH�QRGH���WR������DQG�
QRGH��� WR�������E\�KDYLQJ� WKH� VWHDG\�VWDWH�QRGH� WR��������
:H� UXQ� WKH� DERYH� IX]]\� UXOHV� XVLQJ� WKH� 0DPGDQL� PLQ�

LPSOLFDWLRQ� DQG� WKH�&HQWHU� RI�$UHD� �&2$�� GHIX]]LILFDWLRQ�
PHWKRG�� 7KHQ� ZLWK� RQO\� WKHVH� WZR� UXOHV� ZH� FRPH� WR� WKH�
IROORZLQJ�ZHLJKW�PDWUL[�YDOXHV��
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,Q� WKH� VHTXHO� ZH� UXQ� HTXDWLRQV� ���� ±� ����� ZKLFK� DIWHU�
RQO\� �� LWHUDWLRQV� FRQFOXGHV� WR� WKH� )&0�ZKLFK� DFFXUDWHO\�
GHVFULEHV� WKH� RSHUDWLRQ� RI� WKH� UHDO� V\VWHP�� 7KH� ILQDO� :�
PDWUL[�LV�� ���
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�
�7KXV�� ZH� KDYH� D� VLJQLILFDQW� QXPEHU� RI� LWHUDWLRQ�

UHGXFWLRQV�IRU�UHDFKLQJ�D�QHZ�GHVLUHG�HTXLOLEULXP�SRLQW�WKDW�
LV� ³FORVH´� WR�DQ�DOUHDG\�HQFRXQWHUHG� HTXLOLEULXP� VLWXDWLRQ��
7R�PDNH�WKH�PHWKRG�RSHUDWLQJ�VXIILFLHQWO\�LQ�D�ODUJH�UDQJH�
RI�RSHUDWLRQDO�VLWXDWLRQV�WKH�GHVLJQHU�KDV�HLWKHU�WR�WHDFK�WKH�
V\VWHP�LQ�WKHVH�VLWXDWLRQV�RII�OLQH�RU�WR�OHW� WKH�V\VWHP�JDLQ�
WKLV�NQRZOHGJH�RQ�OLQH�WKURXJK�LWV�RSHUDWLRQ��

9� & «E¬ ¤a�®°¯�± «E¬ ¯ �
�,Q� WKLV� SDSHU� D� QHZ� PHWKRG� IRU� ZHLJKW� XSGDWLQJ� LQ�

)&0V� XVLQJ� V\VWHP� IHHGEDFN� LV� SURSRVHG�� 6R� IDU�� WKH�
H[LVWLQJ� DSSURDFKHV� ZHUH� XVLQJ� WKH� VLPSOH� PHWKRG� RI�
ZHLJKW� XSGDWLQJ�ZLWKRXW� WDNLQJ� LQWR� DFFRXQW� WKH� IHHGEDFN�
IURP�WKH�UHDO�V\VWHP��7KH�GLYHUVLW\�RI�WKH�SURSRVHG�PHWKRG�
OLHV�LQ�WKH�IDFW�WKDW�)&0�UHDFKHV�LWV�HTXLOLEULXP�SRLQW�XVLQJ�
GLUHFW�IHHGEDFN�IURP�WKH�QRGH�YDOXHV�RI�WKH�UHDO�V\VWHP�DQG�
WKH� OLPLWDWLRQV� LPSRVHG� E\� WKH� UHIHUHQFH� QRGHV�� ZKLFK�
QRGHV� UHSUHVHQWV� HLWKHU� YDULDEOHV� ZLWK� FRQVWDQW� YDOXHV� RU�
YDULDEOHV�ZLWK�GHVLUHG��JRDO��YDOXHV��0RUHRYHU��D�WHFKQLTXH�
IRU� VWRULQJ� NQRZOHGJH� IURP� DOUHDG\� HQFRXQWHUHG�
RSHUDWLRQDO� VLWXDWLRQV� LV� SURSRVHG�� 7KLV� WHFKQLTXH� VWRUHV�
WKLV� LQIRUPDWLRQ� LQ� WKH� IRUP� RI� D� QXPEHU� RI� IX]]\� LI�WKHQ�
UXOHV��7KH�IX]]\�PHPEHUVKLS�SDUWLWLRQ�RI�WKH�UDQJH�RI�HDFK�
YDULDEOH�DQG� WKH�IX]]\�UXOHV�FDQ�EH�H[WUDFWHG� LQ�DQ�RQ�OLQH�
RU� RII�OLQH� IDVKLRQ�� &RPELQLQJ� WKH� IX]]\� UHSUHVHQWDWLRQ�
GDWDEDVH� ZLWK� WKH� IHHGEDFN� GHSHQGHQW� ZHLJKW� XSGDWLQJ� RI�
WKH� )&0� UHVXOWV� LQ� D� YHU\� HIILFLHQW� XSGDWLQJ� PHFKDQLVP��
ZKLFK� UHDFKHV� WKH� QHZ� GHVLUHG� HTXLOLEULXP� SRLQW� LQ� YHU\�
IHZ�LWHUDWLRQV���
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¡ j ¥ X¾ b°H®K½kb´H�ÕÍ�¡ ¶�¡ jÕ¯W¨ ¯\¾ � ±Wª ¤
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