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$�6ZDUP�0HWDSKRU�IRU�0XOWLREMHFWLYH�'HVLJQ�2SWLPL]DWLRQ�
�


�


$EVWUDFW��,Q�WKLV�SDSHU�ZH�SUHVHQW�D�QHZ�RSWLPL]DWLRQ�DOJRULWKP�WR�VROYH�PXOWLREMHFWLYH�


GHVLJQ� RSWLPL]DWLRQ� SUREOHPV� EDVHG� RQ� EHKDYLRUDO� FRQFHSWV� VLPLODU� WR� WKDW� RI� D� UHDO�


VZDUP��7KH�LQGLYLGXDOV�RI�D�VZDUP�XSGDWH�WKHLU�IO\LQJ�GLUHFWLRQ�WKURXJK�FRPPXQLFDWLRQ�


ZLWK� WKHLU� QHLJKERULQJ� OHDGHUV� ZLWK� DQ� DLP� WR� FROOHFWLYHO\� DWWDLQ� D� FRPPRQ� JRDO�� 7KH�


VXFFHVV�RI�WKH�VZDUP�LV�DWWULEXWHG�WR�WKUHH�IXQGDPHQWDO�SURFHVVHV��LGHQWLILFDWLRQ�RI�D�VHW�


RI� OHDGHUV�� VHOHFWLRQ� RI� D� OHDGHU� IRU� LQIRUPDWLRQ� DFTXLVLWLRQ� DQG� ILQDOO\� D� PHDQLQJIXO�


LQIRUPDWLRQ� WUDQVIHU� VFKHPH�� 7KH� SURSRVHG� DOJRULWKP� PLPLFV� WKH� DERYH� EHKDYLRUDO�


SURFHVVHV�RI�D�UHDO�VZDUP��7KH�DOJRULWKP�HPSOR\V�D�PXOWLOHYHO�VLHYH�WR�JHQHUDWH�D�VHW�RI�


OHDGHUV�� D�SUREDELOLVWLF� FURZGLQJ� UDGLXV�EDVHG� VWUDWHJ\� IRU� OHDGHU�VHOHFWLRQ�DQG�D�VLPSOH�


JHQHUDWLRQDO� RSHUDWRU� IRU� LQIRUPDWLRQ� WUDQVIHU�� 7ZR� WHVW� SUREOHPV�� RQH� ZLWK� D�


GLVFRQWLQXRXV� 3DUHWR� IURQW� DQG� WKH� RWKHU� ZLWK� D� PXOWL�PRGDO� 3DUHWR� IURQW� LV� VROYHG� WR�


LOOXVWUDWH�WKH�FDSDELOLWLHV�RI�WKH�DOJRULWKP�LQ�KDQGOLQJ�PDWKHPDWLFDOO\�FRPSOH[�SUREOHPV��


7KUHH� ZHOO�VWXGLHG� HQJLQHHULQJ� GHVLJQ� RSWLPL]DWLRQ� SUREOHPV� �XQFRQVWUDLQHG� DQG�


FRQVWUDLQHG�SUREOHPV�ZLWK�FRQWLQXRXV�DQG�GLVFUHWH�YDULDEOHV��DUH�VROYHG�WR� LOOXVWUDWH�WKH�


HIILFLHQF\�DQG�DSSOLFDELOLW\�RI� WKH�DOJRULWKP�IRU�PXOWLREMHFWLYH�GHVLJQ�RSWLPL]DWLRQ��7KH�


UHVXOWV� FOHDUO\� LQGLFDWH� WKDW� WKH� VZDUP� DOJRULWKP� LV� FDSDEOH� RI� JHQHUDWLQJ� DQ� H[WHQGHG�


3DUHWR� IURQW�� FRQVLVWLQJ� RI� ZHOO� VSUHDG� 3DUHWR� SRLQWV� ZLWK� VLJQLILFDQWO\� OHVV� QXPEHU� RI�


IXQFWLRQ� HYDOXDWLRQV� ZKHQ� FRPSDUHG� WR� WKH� QRQGRPLQDWHG� VRUWLQJ� JHQHWLF� DOJRULWKP�
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���,QWURGXFWLRQ�


6ZDUP� VWUDWHJLHV� DUH� IDLUO\� QHZ�PHWKRGV� WKDW�KDYH� UHFHLYHG�FRQVLGHUDEOH�DWWHQWLRQ�RYHU�


UHFHQW� \HDUV� DV� RSWLPL]DWLRQ� PHWKRGV� IRU� FRPSOH[� IXQFWLRQV�� .HQQHG\� DQG� (EHUKDUW�


������� LQLWLDOO\� SURSRVHG� WKH� VZDUP� VWUDWHJ\� IRU� RSWLPL]DWLRQ�� 8QOLNH� FRQYHQWLRQDO�


HYROXWLRQDU\� PHWKRGV�� WKH� VZDUP� VWUDWHJ\� LV� EDVHG� RQ� VLPXODWLRQ� RI� VRFLDO� EHKDYLRU�


ZKHUH�HDFK�LQGLYLGXDO�LQ�D�VZDUP�DGMXVWV�LWV�IO\LQJ�DFFRUGLQJ�WR�LWV�RZQ�IO\LQJ�H[SHULHQFH�


DQG�FRPSDQLRQV
� IO\LQJ�H[SHULHQFH��7KH�NH\� WR� WKH�VXFFHVV�RI�VXFK�D�VWUDWHJ\�LQ�VROYLQJ�


DQ�RSWLPL]DWLRQ�SUREOHP�OLHV�RQ�WKH�PHFKDQLVP�RI�LQIRUPDWLRQ�VKDULQJ�DFURVV�LQGLYLGXDOV�


WR�FROOHFWLYHO\�DWWDLQ�D�FRPPRQ�JRDO��$IWHU� WKH� LQLWLDO�FRQFHSW�ZDV�SURSRVHG�� WKHUH�KDYH�


EHHQ� FRPSDUDWLYH� VWXGLHV� EHWZHHQ� VZDUP� DQG� RWKHU� HYROXWLRQDU\� VWUDWHJLHV� E\�(EHUKDUW�


DQG�6KL��������DQG�$QJHOLQH���������


,Q�DQ\�PXOWLREMHFWLYH�RSWLPL]DWLRQ�SUREOHP��LQ�DEVHQFH�RI�SUHIHUHQFH�LQIRUPDWLRQ�


DPRQJ� WKH� REMHFWLYHV�� WKH� JRDO� LV� WR� DUULYH� DW� D� VHW� RI� 3DUHWR� RSWLPDO� VROXWLRQV�� ,W� LV�


SUHIHUDEOH� WR� KDYH� VXFK� VROXWLRQV�ZHOO� VSUHDG� DORQJ� WKH� 3DUHWR� IURQW�ZKLOH�PDLQWDLQLQJ�


GLYHUVLW\�LQ�WKH�SDUDPHWULF�VSDFH�DV�LW�ZRXOG�WR�DOORZ�WKH�GHVLJQHU�WR�FKRRVH�IURP�D�VHW�RI�


FRPSHWLQJ� VROXWLRQV�� $� FRPSUHKHQVLYH� UHYLHZ� RQ� YDULRXV� PXOWLREMHFWLYH� RSWLPL]DWLRQ�


PHWKRGV�DSSHDUV�LQ�)RQVHFD�DQG�)OHPPLQJ���������$�PRUH�UHFHQW�SDSHU�E\�&RHOOR��������


RXWOLQHV� YDULRXV� PXOWLREMHFWLYH� RSWLPL]DWLRQ� PHWKRGV� DQG� OLVWV� WKHLU� DGYDQWDJHV� DQG�


GLVDGYDQWDJHV��2QH�PD\� UHIHU� WR� WKH� DERYH� UHIHUHQFHV� IRU� WKH� QHFHVVDU\� EDFNJURXQG� RQ�


PXOWLREMHFWLYH�RSWLPL]DWLRQ��DV�LW�LV�QRW�UHSHDWHG�KHUH���


,W� LV� ZHOO� NQRZQ� WKDW� WKH� SUHVHQFH� RI� FRQVWUDLQWV� VLJQLILFDQWO\� DIIHFWV� WKH�


SHUIRUPDQFH�RI�DOO�RSWLPL]DWLRQ�DOJRULWKPV�LQFOXGLQJ�HYROXWLRQDU\�VHDUFK�PHWKRGV��7KHUH�


KDV� EHHQ� D� QXPEHU� RI� DSSURDFKHV� WR� KDQGOH� FRQVWUDLQWV� LQ� WKH� GRPDLQ� RI� HYROXWLRQDU\�


FRPSXWLQJ� LQFOXGLQJ� UHMHFWLRQ� RI� LQIHDVLEOH� LQGLYLGXDOV�� SHQDOW\� IXQFWLRQV� DQG� WKHLU�
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YDULDQWV��UHSDLU�PHWKRGV��XVH�RI�GHFRGHUV��VHSDUDWH�WUHDWPHQW�RI�FRQVWUDLQWV�DQG�REMHFWLYHV�


DQG�K\EULG�PHWKRGV�LQFRUSRUDWLQJ�NQRZOHGJH�RI�FRQVWUDLQW�VDWLVIDFWLRQ��0LFKDOHZLF]�DQG�


6FKRHQDXHU��������SURYLGH�D�FRPSUHKHQVLYH�UHYLHZ�RQ�FRQVWUDLQW�KDQGOLQJ�PHWKRGV��$OO�


WKH�PHWKRGV�KDYH�OLPLWHG�VXFFHVV�DV�WKH\�DUH�SUREOHP�GHSHQGHQW�DQG�UHTXLUH�D�QXPEHU�RI�


DGGLWLRQDO�LQSXWV��3HQDOW\�IXQFWLRQV�XVLQJ�VWDWLF��G\QDPLF�RU�DGDSWLYH�FRQFHSWV�KDYH�EHHQ�


GHYHORSHG�RYHU�WKH�\HDUV��$OO�RI�WKHP�VXIIHU�IURP�FRPPRQ�SUREOHPV�RI�DJJUHJDWLRQ�DQG�


VFDOLQJ��5HSDLU�PHWKRGV�DUH�EDVHG�RQ�DGGLWLRQDO�IXQFWLRQ�HYDOXDWLRQV��ZKLOH�WKH�GHFRGHUV�


DQG�VSHFLDO�RSHUDWRUV�RU�FRQVWUDLQW�VDWLVIDFWLRQ�PHWKRGV�DUH�SUREOHP�VSHFLILF�DQG�FDQQRW�


EH�XVHG�WR�PRGHO�D�JHQHULF�FRQVWUDLQW��


7KH� XVH� RI� 3DUHWR� UDQNV� EDVHG� RQ� FRQVWUDLQW� YLRODWLRQV� LV� TXLWH� DQ� LQQRYDWLYH�


DSSURDFK� WR� KDQGOH� FRQVWUDLQWV�� 6XUU\� HW� DO�� ������� DSSOLHG� WKH� 3DUHWR� UDQNLQJ� VFKHPH�


DPRQJ� FRQVWUDLQWV� ZKLOH� ILWQHVV� ZDV� XVHG� LQ� WKH� REMHFWLYH� IXQFWLRQ� VSDFH� IRU� WKH�


RSWLPL]DWLRQ�RI�JDV� VXSSO\�QHWZRUNV��)RQVHFD�DQG�)OHPPLQJ� �������SURSRVHG� D�XQLILHG�


IRUPXODWLRQ� WR� KDQGOH� PXOWLSOH� FRQVWUDLQWV� DQG� REMHFWLYHV� EDVHG� RQ� 3DUHWR� UDQNLQJ�


VFKHPH�� 5D\� HW� DO�� ������� LQWURGXFHG� D� PXOWLREMHFWLYH� HYROXWLRQDU\� DOJRULWKP� XVLQJ�


3DUHWR� UDQNLQJ� LQ�ERWK� WKH�REMHFWLYH�DQG�FRQVWUDLQW�GRPDLQ�DORQJ�ZLWK�SDUWQHU�PDWFKLQJ�


VWUDWHJLHV�WR�HIILFLHQWO\�KDQGOH�D�ZLGH�YDULHW\�RI�VLQJOH�DQG�PXOWLREMHFWLYH�XQFRQVWUDLQHG�


DQG�FRQVWUDLQHG�RSWLPL]DWLRQ�SUREOHPV��7KH�XVH�RI�3DUHWR� UDQNLQJ� WR�KDQGOH�FRQVWUDLQWV�


RQ�RQH�KDQG�HOLPLQDWHV� WKH�QHHG�IRU�DGGLWLRQDO� LQSXWV�ZKLOH�RQ�WKH�RWKHU�DGGV�RQ�WR� WKH�


FRPSXWDWLRQDO� FRVW� DV� 3DUHWR� UDQNLQJ� LV� FRPSXWDWLRQDOO\� H[SHQVLYH� DQG� PRUH� VR� LQ�


SUHVHQFH�RI�PXOWLSOH�FRQVWUDLQWV��


+DYLQJ�SURYLGHG�D�EULHI�GLVFXVVLRQ�DQG�UHOHYDQW�UHIHUHQFHV�RQ�PXOWLREMHFWLYH�DQG�


FRQVWUDLQW�PRGHOLQJ�PHWKRGV�� WKH� FRQFHSW� RI� WKH� VZDUP� LV� LQWURGXFHG��$� VZDUP� LQ� WKH�


SUHVHQW� FRQWH[W� RI� DQ� RSWLPL]DWLRQ� SUREOHP� LV� FRQVLGHUHG� DV� D� FROOHFWLRQ� RI� LQGLYLGXDOV�
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KDYLQJ� D� JRDO� WR� UHDFK� WKH� EHVW� YDOXH� �PLQLPXP� RU� PD[LPXP�� RI� D� IXQFWLRQ�� ,Q� D�


PXOWLREMHFWLYH�RSWLPL]DWLRQ�SUREOHP��LQ�DEVHQFH�RI�DQ\�SUHIHUHQFH�DPRQJ�WKH�REMHFWLYHV��


WKH� JRDO� DV� DOUHDG\� PHQWLRQHG� HDUOLHU� LV� WR� DUULYH� DW� D� VHW� RI� 3DUHWR� RSWLPDO� VROXWLRQV��


,GHDOO\�� WKH� VHW� RI� 3DUHWR� VROXWLRQV� VKRXOG�PDLQWDLQ� D� XQLIRUP� VSUHDG� DORQJ� WKH� 3DUHWR�


IURQW� DQG� PDLQWDLQ� GLYHUVLW\� LQ� WKH� SDUDPHWULF� VSDFH�� $� VHW� RI� GLYHUVH� VROXWLRQV� LQ� WKH�


SDUDPHWULF� VSDFH� DOORZV� WKH� GHVLJQHU� WR� FKRRVH� IURP�D� VHW� RI� DOWHUQDWLYH�GHVLJQV��)RU� D�


VZDUP� VWUDWHJ\� WR� EH� HIILFLHQW� IRU� FRQVWUDLQHG� SUREOHPV� WKHUH� LV� DGGLWLRQDO� LQIRUPDWLRQ�


DERXW� WKH� FRQVWUDLQW� VDWLVIDFWLRQ� WKDW� QHHGV� WR� EH� PHDQLQJIXOO\� VKDUHG� DPRQJ� WKH�


LQGLYLGXDOV�� ,Q�DQ�XQFRQVWUDLQHG�SUREOHP�� WKH�QRQGRPLQDWHG�UDQN�RI� WKH�VROXWLRQV�EDVHG�


RQ� WKH�REMHFWLYH�YDOXHV�DUH�XVHG� WR�JHQHUDWH� WKH�VHW�RI� OHDGHUV��62/��ZKLOH�D�PXOWLOHYHO�


VLHYH� LV� LPSOHPHQWHG� WR� JHQHUDWH� WKH� 62/� IRU� FRQVWUDLQHG� SUREOHPV�� )URP� WKH� 62/�� D�


OHDGHU� LV� SUREDELOLVWLFDOO\� VHOHFWHG� EDVHG� RQ� WKH� FURZGLQJ� UDGLXV� RI� WKH� OHDGHUV� �LQ� WKH�


REMHFWLYH� VSDFH��� /HDGHUV� ZLWK� OHVV� QXPEHU� RI� LQGLYLGXDOV� DURXQG� WKHP� KDYH� D� KLJKHU�


SUREDELOLW\�RI�EHLQJ�VHOHFWHG�IRU�LQIRUPDWLRQ�VKDULQJ�WKXV�DOORZLQJ�WKH�VWUDWHJ\�WR�H[SORUH�


QHZ� DUHDV� DQG� PDLQWDLQ� D� VSUHDG� DORQJ� WKH� 3DUHWR� IURQW�� 7KH� LQIRUPDWLRQ� DFTXLVLWLRQ�


VWUDWHJ\�LV�EDVHG�RQ�D�VLPSOH�JHQHUDWLRQDO�RSHUDWRU�WKDW�HQVXUHV�DOO�WKH�LQGLYLGXDOV�LQ�WKH�


VZDUP�DUH�XQLTXH��EDVHG�RQ�WKH�YDULDEOH�VSDFH��DV�LQ�D�UHDO�VZDUP��ZKHUH�DW�D�JLYHQ�WLPH�


LQVWDQW� WZR� LQGLYLGXDOV� FDQQRW� VKDUH� WKH� VDPH� ORFDWLRQ�� 7KH� SURSRVHG� DOJRULWKP� LV�


GHVFULEHG� LQ� GHWDLO� LQ� WKH� QH[W� VHFWLRQ� VHSDUDWHO\� IRU� XQFRQVWUDLQHG� DQG� FRQVWUDLQHG�


PXOWLREMHFWLYH�SUREOHPV��
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���0DWKHPDWLFDO�)RUPXODWLRQ�


$� JHQHUDO� FRQVWUDLQHG� PXOWLREMHFWLYH� RSWLPL]DWLRQ� SUREOHP� �LQ� PLQLPL]DWLRQ� VHQVH�� LV�


SUHVHQWHG�DV��


0LQLPL]H� [ ]������ �� [[[ �IIII L= �


6XEMHFW�WR��


J� � �[����D � ������L� �������«�T���


K�� ��[�� �E � ����M� �������«�U���


�


ZKHUH� WKHUH�DUH�T� LQHTXDOLW\�DQG�U�HTXDOLW\�FRQVWUDLQWV�DQG� [ ]��� [[[ K=[ �LV�WKH�


YHFWRU�RI�Q�GHVLJQ�YDULDEOHV��


,W� LV�D�FRPPRQ�SUDFWLFH�WR�WUDQVIRUP�WKH�HTXDOLW\�FRQVWUDLQWV��ZLWK�D�WROHUDQFH�d��


WR�D�VHW�RI�LQHTXDOLWLHV�DQG�XVH�D�XQLILHG�IRUPXODWLRQ�IRU�DOO�FRQVWUDLQWV��


K� �[����E� ��� �ZKLFK�LV�VDPH�DV��í�K� ��[����í�E� �í� �DQG��K� ��[����E� �í� ��


7KXV�U�HTXDOLW\�FRQVWUDLQWV�ZLOO�JLYH�ULVH� WR��U� LQHTXDOLWLHV��DQG�WKH� WRWDO�QXPEHU�


RI�LQHTXDOLWLHV�IRU�WKH�SUREOHP�LV�GHQRWHG�E\�V��ZKHUH�V T��U��


)RU� HDFK� LQGLYLGXDO�� F� GHQRWHV� WKH� FRQVWUDLQW� VDWLVIDFWLRQ� YHFWRU� JLYHQ� E\� F�


 [ ]	
� FFF K ZKHUH��


�


�


�


)RU� WKH�DERYH� �F 
V�� F � ��� LQGLFDWHV� WKH� L
� �
�FRQVWUDLQW� LV� VDWLVILHG��ZKHUHDV� F !���


LQGLFDWHV� WKH� YLRODWLRQ� RI� WKH� FRQVWUDLQW�� 7KH�&21675$,17�PDWUL[� IRU� D� VZDUP�RI�0�


LQGLYLGXDOV�DVVXPHV�WKH�IRUP�
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,Q�D�VZDUP�RI�0�LQGLYLGXDOV��DOO�QRQGRPLQDWHG�LQGLYLGXDOV�DUH�DVVLJQHG�D�UDQN�RI�


���7KH�UDQN���LQGLYLGXDOV�DUH�UHPRYHG�IURP�WKH�VZDUP�DQG�WKH�QHZ�VHW�RI�QRQGRPLQDWHG�


LQGLYLGXDOV�LV�DVVLJQHG�D�UDQN�RI����7KH�SURFHVV�LV�FRQWLQXHG�XQWLO�HYHU\�LQGLYLGXDO�LQ�WKH�


VZDUP�LV�DVVLJQHG�D�UDQN��5DQN ��LQ�WKH�REMHFWLYH�RU�WKH�FRQVWUDLQW�PDWUL[�LQGLFDWHV�WKDW�


WKH�LQGLYLGXDO�LV�QRQGRPLQDWHG��,W�FDQ�EH�REVHUYHG�IURP�WKH�FRQVWUDLQW�PDWUL[�WKDW�ZKHQ�


DOO�WKH�LQGLYLGXDOV�LQ�WKH�VZDUP�DUH�LQIHDVLEOH��WKH�5DQN ��VROXWLRQV�DUH�WKH�EHVW�LQ�WHUPV�


RI�PLQLPDO�FRQVWUDLQW�YLRODWLRQ��:KHQHYHU�WKHUH�LV�RQH�RU�PRUH�IHDVLEOH�LQGLYLGXDO�LQ�WKH�


VZDUP��WKH�IHDVLEOH�VROXWLRQV�DVVXPH�WKH�UDQN�RI�����


7KH� LQLWLDO� VZDUP�FRQVLVWV�RI� D� FROOHFWLRQ�RI� UDQGRP�LQGLYLGXDOV��2YHU� WLPH�� WKH�


LQGLYLGXDOV� FRPPXQLFDWH�ZLWK� WKH� EHWWHU� SHUIRUPHUV� DQG�GHULYH� LQIRUPDWLRQ� IURP� WKHP��


7KH�SVHXGR�FRGH�RI�WKH�DOJRULWKP�LV�SUHVHQWHG�EHORZ��


�


����$OJRULWKP�


Initialize M unique individuals in the Swarm; 


Unconstrained Problem Strategy 


Do { 


Compute Objective Values of each Individual in the Swarm; 


 Compute Ranks based on the Objective Matrix; 
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Compute the Average Rank based on the Objective Matrix; 


    Count the Number of Rank 1 Individuals; 


    If (Number of Rank 1 Individuals  �  M/2) 


Assign Individuals to SOL if their Rank � Average 


Rank; 


    If (Number of Rank 1 Individuals  > M/2) 


      Assign Rank 1 Individuals to SOL; 


    For (Each Individual not in SOL) { 


      Do { 


Select a Leader from SOL to derive information; 


Acquire information from the Leader and move to a 


new point in the search space; 


      } while (all individuals are not unique) 


    } 


} while (termination condition = False) 


 


Constrained Problem Strategy 


Do { 


 Compute Objective values for each Individual in the Swarm; 


Compute Constraint values for each Individual in the Swarm; 


Use Non Dominated Sorting to Rank Individuals based on 


Objective Matrix; 


Use Non Dominated Sorting to Rank Individuals based on 


Constraint Matrix; 


Compute the Average Rank based on the Objective Matrix; 


Count the Number of Rank 1 Individuals based on the 


Objective Matrix; 


Compute the Average Rank based on the Constraint Matrix; 


Count the Number of Rank 1 Individuals based on the 


Constraint Matrix; 
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 Count the Number of Feasible Individuals; 


If Number of Individuals with Objective Rank=1 > M/2: 


Average Objective Rank=1; 


If Number of Individuals with Constraint Rank=1 > M/2: 


Average Constraint Rank=1; 


 If Number of Feasible Individuals = 0 { 


Assign Individuals to SOL with Constraint Rank � 


Average Constraint Rank; 


Shrink the above SOL, to contain Individuals with 


Objective Rank �  Average Objective Rank; 


 } 


 If Number of Feasible Individuals > 0 { 


Assign Feasible Individuals to SOL; 


Shrink the above SOL, to contain Individuals with 


Objective Rank � Average Objective Rank; 


 } 


    For (Each Individual not in SOL) { 


      Do {  


Select a Leader from the SOL to derive 


information; 


Acquire information from the Leader and move to a 


new point in the search space; 


      } while (all individuals are not unique) 


    }  


} while (termination condition = False) 


�


)RU�D�FRQVWUDLQHG�SUREOHP��LQGLYLGXDOV�ZLWK�D�FRQVWUDLQW�UDQN� ����QRQGRPLQDWHG�


EDVHG� RQ� FRQVWUDLQW� PDWUL[�� DUH� WKH� EHVW� SHUIRUPHUV� EDVHG� RQ� FRQVWUDLQW� VDWLVIDFWLRQ��


:KHQ� WKHUH� DUH� QR� IHDVLEOH� LQGLYLGXDOV� LQ� WKH� VZDUP�� WKH� 62/� FRQVLVWV� RI� DOO�
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QRQGRPLQDWHG� LQGLYLGXDOV� EDVHG� RQ� WKH� FRQVWUDLQW� PDWUL[�� :KHQ� WKHUH� LV� RQH� RU� PRUH�


IHDVLEOH� LQGLYLGXDOV�� WKH�62/�ZLOO� FRQVLVW�RI� DOO� IHDVLEOH� LQGLYLGXDOV�DV� WKH\�ZLOO�KDYH�D�


FRQVWUDLQW�UDQN� ����7KH�VL]H�RI�62/�LV�H[SHFWHG�WR�JURZ��DV�PRUH�DQG�PRUH�LQGLYLGXDOV�


EHFRPH�IHDVLEOH��7R�PDLQWDLQ�D�VHOHFWLYH�SUHVVXUH�LQ�VXFK�D�IHDVLEOH�62/��LQGLYLGXDOV�DUH�


DOORZHG�WR�EH�PHPEHUV�RI�62/�RQO\�LI�WKH\�DUH�EHWWHU�WKDQ�DYHUDJH�SHUIRUPHUV�EDVHG�RQ�


REMHFWLYH� UDQNV�� 7KLV� SURFHVV� HQVXUHV� WKDW� WKHUH� LV� D� SUHVVXUH� PDLQWDLQHG� DPRQJ� WKH�


IHDVLEOH� 62/� PHPEHUV� WR� LPSURYH� WKHLU� REMHFWLYH� SHUIRUPDQFH� WR� UHPDLQ� DV� 62/�


PHPEHUV��


�


����6HOHFWLRQ�RI�D�/HDGHU�IURP�62/�


7KH� VHOHFWLRQ� RI� D� OHDGHU� IURP� WKH� 62/� LV� DQ� LPSRUWDQW� HOHPHQW� RI� WKLV� DOJRULWKP� WKDW�


UHVXOWV�LQ�WKH�VSUHDG�RI�SRLQWV�DORQJ�WKH�3DUHWR�IURQWLHU�DQG�H[WHQGHG�OLPLWV�RI�WKH�3DUHWR�


FXUYH��)RU�HYHU\�PHPEHU�RI�62/��D�FURZGLQJ�UDGLXV� LV�FRPSXWHG� WKDW� LV� WKH�DYHUDJH�RI�


WKH� GLVWDQFH� EHWZHHQ� LWV� OHIW� DQG� ULJKW� QHLJKERU� �EDVHG� RQ� WKH� REMHFWLYH� VSDFH�� LQ� WKH�


VZDUP�� 62/� PHPEHUV� ZLWK� D� VPDOOHU� FURZGLQJ� UDGLXV� LQGLFDWH� WKDW� WKHUH� DUH� PRUH�


LQGLYLGXDOV� LQ� WKH� REMHFWLYH� VSDFH� DURXQG� LW�� 'HE� HW� DO�� ������� LPSOHPHQWHG� D� VLPLODU�


FURZGLQJ�UDGLXV�FRQFHSW�LQ�WKHLU�IDVW�HOLWLVW�16*$�LPSOHPHQWDWLRQ��6HOHFWLRQ�RI�D�OHDGHU�


IURP� WKH� 62/� LV� EDVHG� RQ� D� URXOHWWH�ZKHHO� VFKHPH� WKDW� HQVXUHV� 62/�PHPEHUV�ZLWK� D�


ODUJHU� FURZGLQJ� UDGLXV� KDYH� D� KLJKHU� SUREDELOLW\� RI� EHLQJ� VHOHFWHG� DV� D� OHDGHU�� 7KH�


SURFHVV�LQ�WXUQ�UHVXOWV�LQ�D�VSUHDG�DORQJ�WKH�3DUHWR�IURQWLHU��


�


����$FTXLULQJ�,QIRUPDWLRQ�WKURXJK�WKH�*HQHUDWLRQDO�2SHUDWRU�


$�VLPSOH�JHQHUDWLRQDO�RSHUDWRU�LV�XVHG�LQ�WKLV�VWXG\�WR�DFTXLUH�LQIRUPDWLRQ�IURP�D�OHDGHU��


7KH�RSHUDWRU�FDQ�UHVXOW�LQ�D�YDULDEOH�YDOXH�HYHQ�LI�LW�GRHV�QRW�H[LVW�LQ�HLWKHU�WKH�LQGLYLGXDO�
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RU� LWV� OHDGHU�� ZKLFK� LV� XVHIXO� WR� DYRLG� SUHPDWXUH� FRQYHUJHQFH�� 7KH� SUREDELOLW\� RI� D�


YDULDEOH�YDOXH�JHQHUDWHG�EHWZHHQ�DQ�LQGLYLGXDO�DQG�LWV�OHDGHU�LV������7KH�SUREDELOLW\�RI�D�


YDULDEOH� YDOXH� JHQHUDWHG� EHWZHHQ� WKH� ORZHUERXQG� RI� WKH� YDULDEOH� DQG� WKH� PLQLPXP�


DPRQJ� WKH� LQGLYLGXDO� DQG� LWV� OHDGHU� RU� EHWZHHQ� WKH�XSSHUERXQG�RI� WKH�YDULDEOH�DQG� WKH�


PD[LPXP� DPRQJ� WKH� LQGLYLGXDO� DQG� LWV� OHDGHU� LV� ���� HDFK�� ,Q� DGGLWLRQ� WR� WKH� DERYH�


SURFHVV�� D� VROXWLRQ� LV� UHJHQHUDWHG� LI� LW� LV� QRQ�XQLTXH� LQ� WKH� YDULDEOH� VSDFH�� 7KH� DERYH�


JHQHUDWLRQDO�RSHUDWRU�KDV�EHHQ�XVHG�LQ�DQ�HYROXWLRQDU\�DOJRULWKP�WR�VROYH�VLQJOH�REMHFWLYH�


FRQVWUDLQHG�RSWLPL]DWLRQ�SUREOHPV�E\�5D\�HW�DO��������DQG�IRU�PXOWLREMHFWLYH�HQJLQHHULQJ�


GHVLJQ� RSWLPL]DWLRQ� SUREOHPV� E\� 5D\� HW� DO� �������� 7KRXJK� WKH� SUHVHQW� H[DPSOHV� KDYH�


EHHQ� VROYHG� XVLQJ� WKH� DERYH� RSHUDWRU�� RWKHU� JHQHUDWLRQDO� RSHUDWRUV� OLNH� WKH� VLPXODWHG�


ELQDU\�FURVVRYHU��6%;��SURSRVHG�E\�'HE�DQG�.XPDU��������PD\�ZHOO�EH�XVHG�LQVWHDG��


�


���([DPSOHV�


7ZR�WHVW�IXQFWLRQV�RQH�ZLWK�D�GLVFRQWLQXRXV�3DUHWR�IURQW�DQG�WKH�RWKHU�ZLWK�D�PXOWLPRGDO�


3DUHWR�IURQW� LV�WDNHQ�XS�WR�LOOXVWUDWH�WKH�FDSDELOLWLHV�RI�WKH�SURSRVHG�DOJRULWKP�WR�KDQGOH�


PDWKHPDWLFDOO\� GLIILFXOW� SUREOHPV�� 7KUHH� HQJLQHHULQJ� GHVLJQ� RSWLPL]DWLRQ� SUREOHPV� DUH�


WKHQ� VROYHG� WR� LOOXVWUDWH� WKH� HIILFLHQF\� DQG� DSSOLFDELOLW\� RI� WKH� DOJRULWKP� IRU�


PXOWLREMHFWLYH�GHVLJQ�RSWLPL]DWLRQ�SUREOHPV���


�


�


����'LVFRQWLQXRXV�3DUHWR�2SWLPDO�)URQW�


'HE��������LQWURGXFHG�WKLV�PXOWLREMHFWLYH�RSWLPL]DWLRQ�SUREOHP�WKDW�KDV�D�GLVFRQWLQXRXV�


3DUHWR�RSWLPDO�IURQW���
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� � 7KH�3DUHWR�RSWLPDO�IURQW�REWDLQHG�E\�WKH�VZDUP�DOJRULWKP�LV�SUHVHQWHG�LQ�)LJXUH�


��� $� GLVFRQWLQXRXV� 3DUHWR� IURQW� LV� FRQVLGHUHG� GLIILFXOW� WR� REWDLQ� E\� PHWKRGV� XVLQJ�


IXQFWLRQ� VSDFH� QLFKLQJ� DQG� VXFK� IURQWV� FDQ� RQO\� EH� JHQHUDWHG� E\� DQ� HIIHFWLYH�


GLYHUVLILFDWLRQ�PHFKDQLVP� �'HE�� �������7KH�3DUHWR� IURQW� FRQVLVWV� RI� ���SRLQWV� DQG�ZDV�


REWDLQHG� DIWHU� ������� IXQFWLRQ� HYDOXDWLRQV� WKDW� FRPSDUHV� ZHOO� ZLWK� WKH� 3DUHWR� IURQW�


REWDLQHG�E\�'HE��������XVLQJ��������IXQFWLRQ�HYDOXDWLRQV��
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,QVHUW�)LJXUH���
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����0XOWLPRGDO�0XOWLREMHFWLYH�3UREOHP�


7KLV� ELPRGDO�� WZR� REMHFWLYH� SUREOHP� KDV� DOVR� EHHQ� LQWURGXFHG� E\� 'HE� �������� 7KH�


SUREOHP� LV� FRQVLGHUHG�GLIILFXOW� DV� D� ORFDO�3DUHWR� IURQW� H[LVWV� DW�[ �  �����ZKLOH� WKH�JOREDO�


IURQW� H[LVWV� DW�[ �  ���� �ZKLFK� LV� D� VKDUS� LQYHUWHG� VSLNH���'HE��������REWDLQHG� WKH�JOREDO�


IURQW� LQ� ��� LQVWDQFHV� RXW� RI� ���� WULDOV� ZLWK� D� SRSXODWLRQ� VL]H� RI� ��� UXQQLQJ� IRU� ����


JHQHUDWLRQV�� 7KH� SURSRVHG� DOJRULWKP� UHDFKHG� WKH� JOREDO� 3DUHWR� IURQW� FRQVLVWLQJ� RI� ����


VROXWLRQV�XVLQJ������IXQFWLRQ�HYDOXDWLRQV�LQ�DOO����RXW�RI����WULDOV�ZKHQ�UXQ�ZLWK�D�VZDUP�


VL]H�RI�����IO\LQJ�IRU������WLPH�VWHSV��
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,QVHUW�)LJXUH���
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����'HVLJQ�RI�D�:HOGHG�%HDP�


7KLV� H[DPSOH� GHDOV� ZLWK� D�ZHOGHG� EHDP� WKDW� LV� WR� EH� GHVLJQHG� IRU�PLQLPXP� FRVW� DQG�


PLQLPXP� HQG� GHIOHFWLRQ� VXEMHFW� WR� FRQVWUDLQWV� RQ� VKHDU� VWUHVV�� EHQGLQJ� VWUHVV� DQG�


EXFNOLQJ�ORDG��7KH�IRXU�GHVLJQ�YDULDEOHV�K��O�� W�DQG�E�FRUUHVSRQG�WR�[ � ��[ � ��[ � �DQG�[ � �DQG�


DUH�VKRZQ�LQ�)LJXUH����7KLV�SUREOHP�KDV�EHHQ�VROYHG�E\�'HE��������XVLQJ�D�UHDO�FRGHG�


*$�ZLWK�VLPXODWHG�ELQDU\�FURVVRYHU��6%;��ZLWK�D�SRSXODWLRQ�VL]H�RI�����UXQQLQJ�IRU�����


JHQHUDWLRQV��7KH�PDWKHPDWLFDO�IRUPXODWLRQ�RI�WKH�SUREOHP�LV�SUHVHQWHG�EHORZ��
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,QVHUW�)LJXUH���
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� � 7KH� 3DUHWR� IURQW� REWDLQHG� E\� WKH� VZDUP� DOJRULWKP� LV� SUHVHQWHG� LQ� )LJXUH� ��� $�


VZDUP�VL]H�RI�����IO\LQJ�IRU�����WLPH�VWHSV�UHVXOWHG�WKH�IURQW��,W�FRQVLVWV�RI����SRLQWV�DQG�


ZDV�REWDLQHG�DIWHU��������HYDOXDWLRQV�� ,W�FDQ�EH�REVHUYHG�IURP�)LJXUH��� WKDW� WKH�3DUHWR�
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IURQW�LV�VLPLODU�WR�WKH�RQH�SUHVHQWHG�E\�'HE��������DQG�ERWK�RI�WKHP�KDYH�WKH�VDPH�OLPLWV�


RI� WKH� 3DUHWR� FXUYH�� � 7KH� SURJUHVV� RI� WKH� VZDUP� LV� SUHVHQWHG� LQ� )LJXUH� ��� ,W� FDQ� EH�


REVHUYHG�IURP�)LJXUH���WKDW�WKH�VZDUP�LQLWLDOO\�KDV�DERXW�����IHDVLEOH�LQGLYLGXDOV�ZKLOH�


WRZDUGV� WKH�HQG�KDV�DERXW�����WR�����IHDVLEOH�VROXWLRQV� LQGLFDWLQJ� WKDW� WKH�SURFHVV�RI�


FRPPXQLFDWLRQ� EHWZHHQ� WKH� LQGLYLGXDOV� DQG� WKHLU� OHDGHUV� KDYH� KHOSHG� WR� LPSURYH�


IHDVLELOLW\�RI�WKH�LQGLYLGXDOV�LQ�WKH�VZDUP��7KH�QXPEHU�RI�LQGLYLGXDOV�LQ�WKH�3DUHWR�IURQW�


DOVR�LQFUHDVHG�IURP�D�PHUH����WR�DSSUR[LPDWHO\�����RI�WKH�VZDUP�RYHU�WKH�WLPH�SHULRG��


�


����'HVLJQ�RI�D�'LVF�%UDNH�


7KLV�H[DPSOH�GHDOV�ZLWK� WKH�GHVLJQ�RI�D�PXOWLSOH�GLVF�EUDNH�DQG�KDV�EHHQ�GLVFXVVHG�E\�


2V\F]ND�DQG�.XQGX���������7KH�REMHFWLYHV�RI�WKH�GHVLJQ�DUH�WR�PLQLPL]H�WKH�PDVV�RI�WKH�


EUDNH�DQG�WR�PLQLPL]H�WKH�VWRSSLQJ�WLPH��7KH�YDULDEOHV�DUH�WKH�LQQHU�UDGLXV�RI�WKH�GLVFV��


RXWHU� UDGLXV�RI�WKH�GLVFV��WKH�HQJDJLQJ�IRUFH�DQG�WKH�QXPEHU�RI�IULFWLRQ�VXUIDFHV�DQG�DUH�


UHSUHVHQWHG� DV� [ � �� [� �� [ � � DQG� [ � � UHVSHFWLYHO\�� 7KH� FRQVWUDLQWV� IRU� WKH� GHVLJQ� LQFOXGH�


PLQLPXP�GLVWDQFH�EHWZHHQ�WKH�UDGLL��PD[LPXP�OHQJWK�RI�WKH�EUDNH��SUHVVXUH��WHPSHUDWXUH�


DQG�WRUTXH�OLPLWDWLRQV��7KH�SUREOHP�LV�D�PL[HG��FRQVWUDLQHG��PXOWLREMHFWLYH�SUREOHP��7KH�


PDWKHPDWLFDO�GHWDLOV�RI�WKH�RSWLPL]DWLRQ�SUREOHP�IRUPXODWLRQ�DUH�SUHVHQWHG�EHORZ��
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�


,QVHUW�)LJXUH���


�


� � 7KH�3DUHWR� IURQW� LV� SUHVHQWHG� LQ� )LJXUH� �� DV� REWDLQHG�ZLWK� D� VZDUP� VL]H�RI� ����


IO\LQJ�IRU����WLPH�VWHSV��,W�FRQVLVWV�RI����SRLQWV�DQG�ZDV�REWDLQHG�DIWHU�������HYDOXDWLRQV��


7KH�SURSRVHG�DOJRULWKP�UHVXOWV�LQ�DQ�H[WHQGHG�3DUHWR�FXUYH�EHWZHHQ�����������DQG����������


ZKHUHDV�2V\F]ND�DQG�.XQGX��������UHSRUWHG����3DUHWR�VROXWLRQV�EHWZHHQ������������DQG�


������ ����� ZLWK� ������� IXQFWLRQ� HYDOXDWLRQV�� ,W� LV� LQWHUHVWLQJ� WR� QRWH� WKDW� WKH� SURSRVHG�


DOJRULWKP�JHQHUDWHG�WKH�H[WHQGHG�3DUHWR�IURQW�ZLWK�PRUH�QXPEHU�RI�HYHQO\�VSUHDG�3DUHWR�


SRLQWV�XVLQJ�VLJQLILFDQWO\�OHVV�QXPEHU�RI�IXQFWLRQ�HYDOXDWLRQV��
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����'HVLJQ�RI�D�)RXU�%DU�7UXVV�


7KLV� SUREOHP� KDV� EHHQ� LQWURGXFHG� E\� 6WDGOHU� DQG� 'DXHU� �������� &KHQJ� DQG� /L� �������


VROYHG�WKH�SUREOHP�DQG�REWDLQHG�D�VLQJOH�SRLQW�LQ�WKH�3DUHWR�IURQW�EDVHG�RQ�D�JHQHUDOL]HG�


FHQWHU�PHWKRG��)LJXUH��� LOOXVWUDWHV� WKH�SUREOHP�ZKHUH� WKH�VWUXFWXUDO�YROXPH��I � ��DQG�WKH�


GLVSODFHPHQW��I � ��DW�MRLQW�����DUH�WR�EH�PLQLPL]HG�VXEMHFW�WR�WKH�VWUHVV�FRQVWUDLQWV�RQ�WKH�


PHPEHUV��7KH�FURVV�VHFWLRQDO�DUHDV�RI�WKH�PHPEHUV���������DQG���DUH�WKH�GHVLJQ�YDULDEOHV�
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UHSUHVHQWHG�DV�[ � ��[ � ��[ � �DQG�[ � �UHVSHFWLYHO\��)LJXUH���SUHVHQWV�WKH�3DUHWR�RSWLPDO�IURQW�IRU�


WKH�SUREOHP��
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,QVHUW�)LJXUH���


,QVHUW�)LJXUH���
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&KHQJ�DQG�/L��������REWDLQHG�D�VLQJOH�VROXWLRQ�RQ�WKH�3DUHWR�RSWLPDO�IURQW�ZKLOH�


WKH� SUHVHQW� DOJRULWKP� UHVXOWHG� LQ� D� VHW� RI� VROXWLRQV� DORQJ� WKH� 3DUHWR� RSWLPDO� FXUYH�


EHWZHHQ� ������� �������� DQG� ������� ������� DV� VKRZQ� LQ�)LJXUH����7KH� DOJRULWKP�ZLWK� D�


VZDUP� VL]H� RI� ���� IO\LQJ� IRU� ���� WLPH� VWHSV� UHVXOWHG� LQ� ��� 3DUHWR� RSWLPDO� SRLQWV� DIWHU�


������IXQFWLRQ�HYDOXDWLRQV��


�


���6XPPDU\�DQG�&RQFOXVLRQV�


$�QHZ�DOJRULWKP�KDV�EHHQ�LQWURGXFHG�LQ� WKLV�SDSHU� WKDW�PLPLFV� WKH�VRFLDO�EHKDYLRU�RI�D�


UHDO� VZDUP�� 7KH� DOJRULWKP� LV� FDSDEOH� RI� KDQGOLQJ� XQFRQVWUDLQHG� DQG� FRQVWUDLQHG�
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PXOWLREMHFWLYH�SUREOHPV�ZLWK�FRQWLQXRXV��GLVFUHWH�RU�PL[HG�YDULDEOHV�ZLWKRXW�KDYLQJ�DQ\�


UHVWULFWLRQ�RQ�WKH�QXPEHU�RI�YDULDEOHV��FRQVWUDLQWV�RU�REMHFWLYHV��0RUHRYHU�WKH�DOJRULWKP�


GRHV�QRW�UHTXLUH�DQ\�DGGLWLRQDO�LQSXWV�RU�QHHG�IXUWKHU�DVVXPSWLRQV�RQ�IXQFWLRQDO�IRUP�RU�


FRQWLQXLW\�� 7KH� VXFFHVV�RI� WKH� VZDUP� LV� DWWULEXWHG� WKH� LGHQWLILFDWLRQ�RI� D� VHW�RI� OHDGHUV��


VHOHFWLRQ� RI� D� OHDGHU� IRU� LQIRUPDWLRQ� DFTXLVLWLRQ� DQG� ILQDOO\� WKH� HIIHFWLYH� LQIRUPDWLRQ�
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