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)XUWKHU� WKH\� ZLOO� EH� FRQQHFWHG� ZLWK� HDFK� RWKHU� E\� WZRDGGLWLRQDO�HGJHV�
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7KH� SURFHGXUH� LV� UHSHDWHG�XQWLO� WKH� FRQGLWLRQ� RQ� WKH� OHIW� KDQGVLGH�RI�HTXDWLRQ�����LV�IDOVH�IRU�DOO� NX �:H� UHSHDW� WKH� SURFHVV� RI� VSOLWWLQJ�� FOXVWHULQJ�� UHWUDLQLQJ� DQGWULPPLQJ�RI�WKH�60*�VWDWHV�LWHUDWLYHO\�XQWLOD� D�PD[LPXP�WRWDO�QXPEHU�RI�VWDWHV�LV�UHDFKHG�RUE� WKH�QXPEHU�RI�VWDWHV�ZKLFK�DUH�WULPPHG�LQ�WKH�ODVW�VWDJH�RIWKH�LWHUDWLRQ�LV�JUHDWHU�WKDQ� ,���� � �ZKHUH�, LV�WKH�QXPEHURI�VWDWH�VSOLWV�VLQFH�WKH�LQLWLDOL]DWLRQ���� 63((&+�6<17+(6,6�86,1*�60*V
7KH� V\QWKHVLV� DOJRULWKP� XVLQJ� 60*V� LQWURGXFHV� D� GLIIHUHQWDOJRULWKP� IRU� VWDWH� VHOHFWLRQ� DQG� VWDWH� GXUDWLRQ� PRGHOLQJ� LQFRPSDULVRQ� WR� +00� VSHHFK� V\QWKHVLV� �FI�� >�@��� ,W� XVHV� WKHSKRQHPH� V\PERO� VHTXHQFH� DQG� WDUJHW� GXUDWLRQ� DV� LQSXWLQIRUPDWLRQ�DQG�LQFOXGHV�WKH�IROORZLQJ�SURFHVVLQJ�VWHSV�x VHOHFWLQJ� D� VWDWH� VHTXHQFH� �SDWK� WKURXJK� WKH� 60*�DFFRUGLQJ�WR�D�GHPDQGHG�VHTXHQFH�OHQJWK��WDUJHW�SKRQHPHGXUDWLRQ�� DQG� PRGHOLQJ� WKH� GXUDWLRQ� RI� HDFK� VWDWH� LQ� WKHSDWKx DVVHPEOLQJ�WKH�IHDWXUH�YHFWRU�VHTXHQFH�IRU�WKH�FKRVHQ�SDWKE\�H[WUDFWLQJ�WKH�PHDQV�RI�WKH�FRUUHVSRQGLQJ�*DXVVLDQVx JHQHUDWLQJ�WKH�VSHHFK�VLJQDO�XVLQJ�WKH�0/6$�ILOWHU�>�@,Q� FRPSDULVRQ� WR� +00V�� 60*V� LQWURGXFH� D� PRUH� FRPSOH[JUDSK� VWUXFWXUH�� ,Q� JHQHUDO� DQ� 60*� FRQWDLQV� SDUDOOHO� SDWKV�7KXV� GXULQJ� V\QWKHVLV� WKH� FKRLFH� IRU� RQH� RI� WKHVH� SDWKV� LVQHFHVVDU\�DQG�FUXFLDO�IRU�WKH�UHVXOWLQJ�VSHHFK�TXDOLW\��7KLV�VWDWHVHOHFWLRQ� KDV� WR� ILQG� WKH� RSWLPDO� VWDWH� VHTXHQFH� IRU� D� JLYHQ



WDUJHW�SKRQH�GXUDWLRQ��$W�WKH�ILUVW�JODQFH�WKLV�ORRNV�OLNH�D�VHDUFKIRU� WKH�PRVW�SUREDEOH�SDWK�XQGHU�WKH�FRQVWUDLQW�RI�D�JLYHQ�SDWKOHQJWK�� 6LQFH� WKH� 60*V� DUH�0DUNRY�PRGHOV� RI� ILUVW� RUGHU� WKHSUREDELOLW\�RI�D�WULYLDO�FLUFOH�GRHV�QRW�GHSHQG�RQ�KRZ�RIWHQ�WKLVFLUFOH�KDV�DOUHDG\�EHHQ�SDVVHG��$�9LWHUEL�VHDUFK�PD[LPL]LQJ�WKHRYHUDOO�WUDQVLWLRQ�SUREDELOLW\�ZRXOG�QRW� UHVXOW� LQ�D� W\SLFDO�VWDWHVHTXHQFH�EXW�ZRXOG�VHOHFW�WKH�VKRUWHVW�SDWK�FRQWDLQLQJ�WKH�PRVWSUREDEOH� WULYLDO� FLUFOH� VLQFH� WKH� LWHUDWLRQ� LQ� WKLV� FLUFOH� FROOHFWVWKH�KLJKHVW�VFRUHV�8VLQJ� KLJKHU� RUGHU�0DUNRY�PRGHOV� �VHH� H�J��>�@��ZRXOG� VROYHWKH� SUREOHP� EXW� LV� QRW� IHDVLEOH� EHFDXVH� RI� WKH� VFDUFLW\� RIWUDLQLQJ� GDWD� QHHGHG� WR� WUDLQ� VXFK� PRGHOV� DQG� WKH� LQFUHDVLQJFRPSXWDWLRQDO� HIIRUW� GXULQJ� VWDWH� VHOHFWLRQ�� 7R� VROYH� WKHSUREOHP�ZH�DGGLWLRQDOO\�GHULYHG�QRQ�DFRXVWLF�VWDWLVWLFV�IRU�HDFKVWDWH�RI�WKH�60*�PRGHO��VHH�EHORZ����� 6WDWH�6HOHFWLRQ$V�VWDWHG�DERYH��D�VLPSOH�9LWHUEL�VHDUFK�RQ�WKH�60*�PRGHO� LVQRW� VXLWDEOH� WR� ILQG� D� UHSUHVHQWDWLYH� VWDWH� VHTXHQFH�� ,Q� WKHIROORZLQJ�WZR�VXEVHFWLRQV�ZH�GHVFULEH�D�WZR�VWDJH�DSSURDFK�WRILQG�DQ�RSWLPDO�VWDWH�VHTXHQFH�IRU� WKH�DFRXVWLF�V\QWKHVLV�ZKLFKEDVHV� RQ� D� WUDQVIRUPHG� 60*� VWUXFWXUH� DQG� DGGLWLRQDO� VWDWLVWLFGDWD�REWDLQHG�GXULQJ�WKH�60*�WUDLQLQJ�

)LJXUH����([DPSOH�RI�DQ�60*�PRGHO��SKRQH��L����WUDLQHGZLWK� DSSUR[�� �� KRXU� UHDG�*HUPDQ� VSHHFK� RI� RQH�PDOHVSHDNHU�,Q� D� ILUVW� VWDJH� ZH� WUDQVIRUP� WKH� WUDLQHG� 60*V� J �)LJXUH� �VKRZV�DQ�H[DPSOH�� LQWR�DQ�DOWHUQDWLYH� UHSUHVHQWDWLRQ�J c E\� WKHWUDQVIRUPDWLRQ�7(�� � � �� �8888 87(8 < <ccc cc �� JJ ���7( LV� EDVLFDOO\� D� WUHH� H[SDQVLRQ�� +RZHYHU�� DV� 60*V� FRQWDLQFLUFOHV��ZH�KDYH� WR�PRGLI\�WKH� WUHH�H[SDQVLRQ�DOJRULWKP� LQ� WKHIROORZLQJ�WZR�SRLQWV�x GLVUHJDUG�WULYLDO�FLUFOHVx OLPLW�WKH�QXPEHU�RI�SDVVHV�WKURXJK�QRQ�WULYLDO�FLUFOHV�'LVUHJDUGLQJ�WKH�WULYLDO�FLUFOHV�GRHV�QRW�LQWURGXFH�DQ\�SUREOHPVDV�ZH�FDQ�HDVLO\�UH�LQVHUW�WKHVH�FLUFOHV�LQWR�J c ��7KH�OLPLWDWLRQ�RISDVVHV�WKURXJK�QRQ�WULYLDO�FLUFOHV�UHTXLUHV�VRPH�LQIRUPDWLRQ�RQKRZ�RIWHQ�D�SDUWLFXODU�VWDWH�FDQ�RFFXU�LQ�D�QRQ�WULYLDO�FLUFOH��:HJDWKHU� WKLV� LQIRUPDWLRQ� E\� PHDQV� RI�UH�HQWU\� VWDWLVWLFV GXULQJWKH� 60*� WUDLQLQJ�� 7KHVH� VWDWLVWLFV� GHVFULEH�� KRZ� RIWHQ� DSDUWLFXODU� VWDWH� RFFXUV� LQ� D� WUDLQLQJ� VDPSOH� GLVUHJDUGLQJ

LPPHGLDWH�UHSHWLWLRQV��RU�WULYLDO�FLUFOHV���&ROXPQ�P1HQW RI�7DEOH� VKRZV�DQ�H[DPSOH�RI�WKH�UH�HQWU\�VWDWLVWLF�IRU�WKH�SKRQH��L���
X X7 �P >)UDPHV@ X7 �V >)UDPHV@ P1HQW6��� ����� ���� ����6��� ����� ���� ����6��� ����� ���� ����6��� ����� ���� ����6��� ����� ���� ����6��� ����� ���� ����6��� ����� ���� ����6��� ����� ����� ����6��� ����� ���� ����6��� ����� ���� ����

7DEOH� ��� ([DPSOH� RI� QRQ�DFRXVWLF� SHU�VWDWH� IHDWXUHV�PRGHO��L���
PSDWKOHQJWK>)UDPHV@ VSDWKOHQJWK>)UDPHV@���� ����

7DEOH� ��� ([DPSOH� RI� QRQ�DFRXVWLF� SHU�PRGHO� IHDWXUHV�PRGHO��L���
7KH�ILJXUHV�RI�P1HQW DUH� UHSUHVHQWDWLYH�IRU� DOO�VWDWHV�RI�DOO�60*PRGHOV��:LWK�P1HQW EHLQJ�WKH�QXPEHU�RI�HQWULHV�LQWR�D�VWDWH��ZHVHH�� WKDW� WKH� UH�HQWU\� LQWR�D� VWDWH� XVLQJ� D�QRQ�WULYLDO� FLUFOH� LV� DYHU\�UDUH�HYHQW��6R�IRU� WKH� WUDQVIRUPDWLRQ�DOJRULWKP�ZH�VLPSO\GLG�QRW�DOORZ�QRQ�WULYLDO�FLUFOHV�7KXV�ZH�DSSO\�WKH�IROORZLQJ�WUDQVIRUPDWLRQ�DOJRULWKP�7(�
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ZKHUHx W GHQRWHV� WKH� FXUUHQW� WUHH� GHSWK� DQG� 7 GHQRWHV� WKHPD[LPXP� WUHH� GHSWK�� 7KH� YDOXH� RI�7 LV� REWDLQHG� IURP� DSHU�PRGHO� VWDWLVWLF� JDWKHUHG� GXULQJ� WKH� WUDLQLQJ��7DEOH� �VKRZV�WKLV�VWDWLVWLF�IRU�RXU�H[DPSOH�PRGHO��L���
� )RU�EHWWHU�OHJLELOLW\�ZH�VLPSOLILHG�WKH�IRUPXOD�LQ�WZR�SRLQWV��ILUVWO\�RQWKH�OHIW�KDQG�VLGH�WULYLDO�FLUFOHV�VKRXOG�EH�H[FOXGHG�DQG�VHFRQGO\�RQ�WKHULJKW�KDQG�VLGH�GXSOLFDWH�LQVWDQFHV�RI�WKH�WUDQVIRUPHG�VWDWH� WNXc VKRXOGEH�GLVWLQJXLVKHG�
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��� 6WDWH�'XUDWLRQ�0RGHOLQJ,Q�D�WKLUG�VWHS�WKH�GXUDWLRQ��QXPEHU�RI�SDVVHV�WKURXJK�WKH�WULYLDOFLUFOHV� � �LL XX o �� RI� HDFK� VWDWH� RI� WKH� VHOHFWHG� SDWK� LVGHWHUPLQHG��6LQFH�WKH�RSWLPDO�VHTXHQFH�RI�VWDWHV� UHVTc LV�DOUHDG\FKRVHQ� LQ� J c �� WKH� GXUDWLRQ� PRGHOLQJ� LV� OLPLWHG� WR� WKHGLVWULEXWLRQ�RI� UHSHWLWLRQV�RI�DOO� WKH� VWDWHV� LQ� WKH� SDWK�XQWLO� WKHGHPDQGHG�SKRQH�OHQJWK�LV�UHDFKHG��,Q�RXU�DSSURDFK�ZH�XVH�WKHUDWLR� EHWZHHQ� WKH� ORRS� SUREDELOLWLHV� WR� DVVLJQ� WKH� DSSURSULDWHQXPEHU�RI�UHSHWLWLRQV��,Q�FRQWUDVW�WR�>�@��ZH�GR�QRW�FRQVLGHU�WKHYDULDELOLW\�RI�WKH�VWDWH�GXUDWLRQV��:H�FRPSXWH�UHODWLYH�OHQJWK�RIVWDWH � �LTc E\�UHODWLYH�GXUDWLRQ�YDOXHV�

� � � �� �LTLTL 3G ccc� c \� � ����
7KHVH�GXUDWLRQ�YDOXHV�FDQ�EH� LQWHUSUHWHG�DV� WKH�PHDQ�GXUDWLRQLQ� D� VWDWH� DV� REVHUYHG� LQ� WKH� WUDLQLQJ�� /HW� UHVTc EH� WKH� RSWLPDOSDWK� ZLWK� 1 VWDWHV� DQG� OHW� UHVT' cc EH� WKH� VXP� RI� DOO� GXUDWLRQYDOXHV�LQ�WKDW�SDWK��WKHQ�XQGHU�WKH�FRQVWUDLQW�1�d 7 WKH�QXPEHURI�UHSHWLWLRQV�WR�GLVWULEXWH�/ FDQ�EH�FDOFXODWHG�DV�WKH�GLIIHUHQFHRI� WKH� QXPEHU�RI� IHDWXUH� YHFWRUV� WR� HPLW�7 DQG� WKH� QXPEHU� RIVWDWHV�H[LVWLQJ�LQ�WKH�VHOHFWHG�SDWK1�17/ UHV � c ����
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LV�XVHG�WR�REWDLQ�WKH�UHVXOWLQJ�UHSHWLWLRQ�QXPEHU�IRU�HDFK�VWDWH�
�� 17'G/O/ UHVTLUHVLL ��c c c�c c c ����

7KXV�WKH�RSWLPDO�SDWK�FDQ�EH�ZULWWHQ�DV�� �> @ � �> @ � �> @^ `1/UHV/UHV/UHVRSW 1TTTT c�c�c� ccc c ��� �������� �� ����
7KH� ILQDO� VWHS� RI� WKH� V\QWKHVLV� SURFHVV� DVVHPEOHV� WKH� IHDWXUHYHFWRU�VHTXHQFH�E\�H[WUDFWLQJ�WKH�PHDQV�IURP�WKH�FRUUHVSRQGLQJ*DXVVLDQ� GLVWULEXWLRQV� DFFRUGLQJ� WR� RSWTc �� 7KLV� IHDWXUH� YHFWRUVHTXHQFH� LV� ILQDOO\� IHHG� LQWR� WR� WKH� V\QWKHVLV� ILOWHU� WR� JHQHUDWHWKH�VSHHFK�VLJQDO� �� &21&/86,21
$SSO\LQJ� 60*V� DV� DFRXVWLF� PRGHOV� LQ� D� VSHHFK� V\QWKHVLVV\VWHP� UDLVHV� WKH� WDVN� RI� ILQGLQJ� WKH� RSWLPDO� VWDWH� VHTXHQFHZLWKLQ� D� SKRQHPH� PRGHO� LQ� D� JLYHQ� FRQWH[W�� 7KH� SURSRVHGDOJRULWKP� XVHV� DGGLWLRQDO� VWDWLVWLFV� GHULYHG� GXULQJ� WKH� WUDLQLQJRI� WKH� 60*V� ZKLFK� PRGHO� WKH� SUREDELOLW\� RI� XVLQJ� DQGUHPDLQLQJ� LQ� D� FHUWDLQ� VWDWH� GHSHQGLQJ� RQ� D� GHPDQGHG� SKRQHGXUDWLRQ��7KLV� DSSURDFK� UHGXFHV� WKH� FRPSXWDWLRQDO� FRPSOH[LW\LQ� FRPSDULVRQ� WR� VROXWLRQV� XVLQJ� KLJKHU� RUGHU�0DUNRY� FKDLQV�)XWXUH�ZRUN�ZLOO�LQFOXGH�H[WHQVLYH�HYDOXDWLRQ�DQG�RSWLPL]DWLRQRI�WKH�DOJRULWKP� �� 5()(5(1&(6>�@ )DODVFKL��$���*LXVWLQLDQL��0��� DQG�9HUROD��0��� ¦$� KLGGHQ0DUNRY� PRGHO� DSSURDFK� WR� VSHHFK� V\QWKHVLV§�� 3URF�(XURVSHHFK�������3DULV������������>�@ 7RNXGD�� .��� HW� DO��� ¦6SHHFK� SDUDPHWHU� JHQHUDWLRQDOJRULWKPV� IRU� +00�EDVHG� VSHHFK� V\QWKHVLV§�� 3URF�,&$663�������,VWDQEXO��������������>�@ ,PDL��6���6XPLWD��.���DQG�)XUXLFKL��&���¦0HO� ORJ�VSHFWUXPDSSUR[LPDWLRQ��0/6$��ILOWHU�IRU�VSHHFK�V\QWKHVLV§��7UDQV�,(&(��YRO��-���$����������������>�@ 7\FKWO��=���DQG�3VXWND��-���¦6SHHFK�SURGXFWLRQ�EDVHG�RQ�WKHPHO�IUHTXHQF\� FHSVWUDO� FRHIILFLHQWV§�� 3URF�� (XURVSHHFK������%XGDSHVW��YRO����������¤������>�@ :ROIHUWVWHWWHU�� )��� DQG� 5XVNH�� *��� ¦6WUXFWXUHG� 0DUNRYPRGHOV� IRU� VSHHFK� UHFRJQLWLRQ§�� 3URF�� ,&$663� �����'HWURLW����������>�@ 0DVXNR�� 7��� 7RNXGD�� .��� .RED\DVKL�� 7��� DQG� ,PDL�� 6��¦6SHHFK� V\QWKHVLV� XVLQJ� +00V� ZLWK� G\QDPLF� IHDWXUHV§�3URF��,&$663�������$WODQWD����������>�@ (LFKQHU�� 0��� :ROII�� 0��� +RIIPDQQ�� 5��� ¦$� XQLILHGDSSURDFK� IRU� VSHHFK� V\QWKHVLV� DQG� VSHHFK� UHFRJQLWLRQXVLQJ� 6WRFKDVWLF� 0DUNRY� *UDSKV§�� 3URF�� ,&6/3� �����%HLMLQJ� YRO������������>�@ %�KOPDQQ�� 3��� :\QHU�� $�-��� ¦9DULDEOH� OHQJWK� 0DUNRYFKDLQV§��$QQDOV�RI�6WDWLVWLFV��YRO�������������������
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