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�$EVWUDFW±�7KLV� SDSHU� SUHVHQWV� D� QHZ� DSSURDFK� IRU� WKUHH�GLPHQVLRQDO� VWDELOLW\� DQDO\VLV� RI� VRLOV�
XVLQJ� WKH� =HUR� ([WHQVLRQ� /LQH�0HWKRG�� 7KH� PHWKRG� DVVXPHV� WKH� LQWHUPHGLDWH� SULQFLSDO� VWUHVV�
SODQHV�WR�EH�VWUDLJKW��7KH�JHRPHWULF�FRQVLGHUDWLRQV�IRU�REWDLQLQJ�WKH�RULHQWDWLRQ�RI�WKHVH�SODQHV�LQ�
WKH�SODVWLF� ]RQH� DUH�GHVFULEHG��7KH� HTXLOLEULXP�\LHOG� HTXDWLRQV� DUH� LQWHJUDWHG� LQ� WKHVH�SODQHV� WR�
JLYH� WKH� WRWDO� DSSOLFDEOH� ORDG� DW� WKH� OLPLWLQJ� HTXLOLEULXP� VWDWH�� 7KH� PHWKRG� DFFRXQWV� IRU� WKH�
QRQDVVVRFLDWLYLW\�RI�VRLO�EHKDYLRU�DV�ZHOO��,W�DOVR�FRQVLGHUV�WKH�HIIHFW�RI�SDUWLDO�PRELOL]DWLRQ�RI�VRLO�
VWUHQJWK�RQ�WKH�FRXQWHU�VLGH�RI�WKH�VORSH��RQ�LWV�VWDELOLW\��%DVHG�RQ�WKLV�PHWKRG��D�FRPSXWHU�FRGH��
6ORSH�'���KDV�EHHQ�ZULWWHQ�IRU�WKUHH�GLPHQVLRQDO�VWDELOLW\�DQDO\VLV��([DPSOHV�KDYH�EHHQ�SURYLGHG�
WR� VKRZ� WKH� FDSDELOLW\� RI� WKH� PRGHO� LQ� DQDO\]LQJ� WKUHH�GLPHQVLRQDO� VWDELOLW\� RI� VORSHV� XQGHU�
GUDLQHG�DQG�XQGUDLQHG�FRQGLWLRQV�� ,Q�SODQ�FXUYDWXUH�RI� VORSHV�DQG� WKH�FHQWULIXJDO� IRUFH� UHVXOWLQJ�
IURP� PRYHPHQW� RI� YHKLFOHV� LQ� FXUYHG� URXWHV� FDQ� DOVR� EH� PRGHOHG�� 7KH� PRGHO� SUHGLFWV� ORZHU�
XOWLPDWH�ORDG�DV�FRPSDUHG�WR� WKH�H[LVWLQJ�WKUHH�GLPHQVLRQDO�OLPLW�DQDO\VLV�PHWKRGV��6RPH�RI�WKH�
GLIIHUHQFH�LQ�WKH�UHVXOWV�RI�WKHVH�WZR�PRGHOV�LV�GXH�WR�WKH�DJJUDYDWLQJ�HIIHFW�RI�FRXQWHU�VLGH�WKDW�LV�
QRW�FRQVLGHUHG�E\� WKH�GHYHORSHG� WKUHH�GLPHQVLRQDO� OLPLW�DQDO\VLV�PRGHOV�� ,W� KDV�EHHQ�FRQFOXGHG�
WKDW� WKH� SUHVHQWHG� PRGHO� SURYLGHV� D� XVHIXO� WRRO� IRU� WKUHH�GLPHQVLRQDO� VWDELOLW\� DQDO\VLV� LQ� VRLO�
HQJLQHHULQJ�������������.H\ZRUGV±�7KUHH�GLPHQVLRQDO�DQDO\VLV��VWDELOLW\��FKDUDFWHULVWLFV��]HUR�H[WHQVLRQ�OLQHV��FXUYHG�VORSHV���

���,1752'8&7,21��
0RVW� VRLO� VWDELOLW\�SUREOHPV�HQFRXQWHUHG� LQ�SUDFWLFH�DUH� WKUHH�GLPHQVLRQDO� UDWKHU� WKDQ� WZR�GLPHQVLRQDO��
7KH�ORDGLQJ�DQG�JHRPHWULF�FRQGLWLRQV�RI�WKH�SUREOHP�DQG�WKH�PDWHULDO�FRQGLWLRQ�VKRXOG�UHPDLQ�WKH�VDPH�
DORQJ�WKH�WKLUG�GLPHQVLRQ�LQ�RUGHU�WR�WUHDW�D�SUREOHP�WZR�GLPHQVLRQDOO\��7KHVH�FRQGLWLRQV�UDUHO\�KDSSHQ�LQ�
SUDFWLFH��1HYHUWKHOHVV�� WZR�GLPHQVLRQDO� DQDO\VHV� DUH�XVHG� LQ�PRVW� VRLO� VWDELOLW\� DVVHVVPHQWV� EHFDXVH�RI�
WKHLU�VLPSOLFLW\�DQG�WKH�EHOLHI�WKDW�WKH\�DUH�DOZD\V�FRQVHUYDWLYH��+RZHYHU��WKH�WKUHH�GLPHQVLRQDO�QDWXUH�RI�
PRVW�SUDFWLFDO�SUREOHPV�WRJHWKHU�ZLWK�WKH�QHFHVVLW\�RI�REVHUYLQJ�HFRQRPLF�FRQVLGHUDWLRQV�LQ�GHVLJQ�KDYH�
GUDZQ�DWWHQWLRQ�WR�WKH�WKUHH�GLPHQVLRQDO�PHWKRGV�RI��VWDELOLW\�DQDO\VLV��7KHVH�PHWKRGV�DUH�PRUH�RU�OHVV�WKH�
H[WHQVLRQV�RI�WZR�GLPHQVLRQDO�OLPLW�HTXLOLEULXP�DQG�OLPLW�DQDO\VLV�PHWKRGV�WR�WKH�WKUHH�GLPHQVLRQDO�FDVH��
$V� LQ� WKH� WZR� GLPHQVLRQDO� FDVH�� PRVW� RI� WKH� GHYHORSHG� WKUHH� GLPHQVLRQDO� PRGHOV� DUH� EDVHG� RQ� OLPLW�
HTXLOLEULXP�PHWKRG��/(0���7KLV�LV�GXH�WR�WKH�YHUVDWLOLW\�RI�WKLV�PHWKRG�LQ�KDQGOLQJ�GLYHUVH�VRLO�DQG�ZDWHU�
FRQGLWLRQV� DQG� WKH�JHRPHWU\�RI� WKH�SUREOHP��$Q�HDUO\� DSSURDFK�ZDV� WR� FRQVLGHU� WKH��'�SUREOHP�DV� DQ�
DVVHPEO\� RI� �'� RQHV��7KH� �'�VDIHW\� IDFWRU� LV� WKHQ� REWDLQHG� IURP� WKH�ZHLJKWHG� DYHUDJH� RI� WKHLU� VDIHW\�
IDFWRUV� >����@��$QDJQRVWL¶V�PHWKRG�FDQ�EH�FRQVLGHUHG�WKH�H[WHQVLRQ�RI�0RUJHQVWHUQ�3ULFH�PHWKRG�WR��'�
>�@��$]]RX]�DQG�%DOLJK�H[WHQGHG�6ZHGLVK�FLUFOH�PHWKRG�IRU��'�VWDELOLW\�DQDO\VLV�RI�KRPRJHQHRXV�VORSHV�
5HFHLYHG�E\�WKH�HGLWRUV�-DQXDU\�����������$FFHSWHG�2FWREHU�����������
&RUUHVSRQGLQJ�DXWKRU�
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>��� �@��*HQV� HW� DO�� H[WHQGHG� WKH� FLUFXODU� DUF� �I ���PHWKRG� WR� �'� IRU� WKH� KRPRJHQHRXV�� LVRWURSLF�� DQG�
SXUHO\�FRKHVLYH�VORSHV�>�@��+RYODQG�GHYHORSHG�WKH�RUGLQDU\�PHWKRG�RI�FROXPQV�ZKLFK�LV�WKH�H[WHQVLRQ�RI�
WKH�RUGLQDU\�PHWKRG�RI�VOLFHV�RI�)HOOHQLXV�>�@��&KHQ�DQG�&KDPHDX�H[WHQGHG�WKH�6SHQFHU¶V�PHWKRG�WR��'�
>�@��$�PRUH�DGYDQFHG�PRGHO�EDVHG�RQ�WKDW�RI�6SHQFHU¶V�KDV�DOVR�EHHQ�GHYHORSHG�E\�&KHQ�HW�DO��>�@��-LDQJ�
DQG�<DPDJDPL�FRPELQHG�WKH�VDPH�PHWKRG�ZLWK�G\QDPLF�SURJUDPPLQJ�LQ�VHDUFK�RI� WKH�FULWLFDO��'�VOLS�
VXUIDFH�>��@��/HFKLQVN\�HW��DO���KDYH�H[WHQGHG�WKH�YDULDWLRQDO�EDVHG�OLPLW�HTXLOLEULXP�DSSURDFK�WR��'�>����
��@��([WHQVLRQ�RI�-DQEX¶V�PHWKRG�WR��'�ZDV�PDGH�E\�8JDL�DQG�ODWHU�E\�%\UHQH�HW�DO��>������@��+XQJU�HW��
DO�¶V��'�PRGHO� LV�EDVHG�RQ�%LVKRS�VLPSOLILHG�PHWKRG�>��@��+XDQJ��DQG�7VDL��DQG�+XDQJ�HW��DO���PDGH�D�
IXUWKHU� H[WHQVLRQ� E\� FRQVLGHULQJ� WKH�PRPHQW�HTXLOLEULXP� LQ� WUDQVYHUVH� GLUHFWLRQ� WR� KDQGOH� DV\PPHWULF�
SUREOHPV�DV�ZHOO�>������@��,W�VKRXOG�EH�PHQWLRQHG�WKDW�LQ�JHQHUDO��WKH�IRUPXODWLRQ�RI�WKH�SUREOHP�LQ�/(0�
LQYROYHV� PDQ\� GHJUHHV� RI� LQGHWHUPLQDF\� DQG� UHTXLUHV� VLPSOLI\LQJ� DVVXPSWLRQV�� 7KLV� EHFRPHV� PRUH�
FULWLFDO� LQ� �'�SUREOHPV� EHFDXVH�� PRUH� VLPSOLI\LQJ� DVVXPSWLRQV� DUH� UHTXLUHG� LQ� WKLV� FDVH� WR� UHQGHU� WKH�
SUREOHP�GHWHUPLQDWH��DQG�WKLV�PDNHV�WKH�UHVXOWV�OHVV�UHOLDEOH�>��������@��

/LPLW� DQDO\VLV� PHWKRGV� �/$0�� KDYH� DOVR� EHHQ� DSSOLHG� WR� VORSH� VWDELOLW\� DQDO\VHV� >�����@�� 7KHVH�
PHWKRGV�DUH�QRW�DV�YHUVDWLOH�DV�WKH�OLPLW�HTXLOLEULXP��EXW�WKHLU�UHVXOWV�DUH�PRUH�UHOLDEOH�EHFDXVH�WKH\�XVH�
ERXQG� WKHRUHPV�RI�SODVWLFLW\� IRU�DVVRFLDWHG�PDWHULDOV��$SSURDFKHV� LQ��'�PRGHOLQJ�E\� OLPLW�DQDO\VLV�DUH�
OLPLWHG�WR�WKH�XSSHU�ERXQG�PHWKRG�EHFDXVH�RI�EHLQJ�VLPSOHU��$Q�HDUO\�DSSURDFK�WR�WKH�SUREOHP�ZDV�PDGH�
E\�*LJHU�DQG�.LUL]HN�ZKR�LQYHVWLJDWHG�WKH�VWDELOLW\�RI�YHUWLFDO�FRUQHU�FXWV�>��@��0LFKORZVNL�DVVHVVHG�WKH�
�'�VWDELOLW\�RI� ORFDOO\� ORDGHG� VORSHV�E\� WKH� VDPH�DSSURDFK� >��@��$VNDUL� >��@��DQG�)DU]DQHK�DQG�$VNDUL�
>��@�� LPSURYHG� 0LFKDORZVNL¶V� DVVXPHG� PHFKDQLVP� DQG� DSSOLHG� D� EHWWHU� RSWLPL]DWLRQ� SURFHGXUH� IRU�
VROXWLRQ�RI�WKH�SUREOHP��7KH\�H[WHQGHG�WKH�/$0�WR�D�PRUH�JHQHUDO�FDVH�RI�QRQKRPRJHQHRXV�VORSHV�>��@��
&KHQ� HW�� DO�� KDYH� DOVR� XVHG� WKH� XSSHU� ERXQG� PHWKRG� RI� OLPLW� DQDO\VLV� IRU� �'� VORSH� VWDELOLW\� DQDO\VLV�
>�����@��,W�KDV�WR�EH�PHQWLRQHG�WKDW��JHQHUDOO\��VRLOV�DUH�QRW�DQ�DVVRFLDWHG�IORZ�UXOH�PDWHULDO�DQG�WKH�OLPLW�
ORDG�LV�VLJQLILFDQWO\�ORZHU�IRU�VXFK�D�PDWHULDO��$Q�DWWHPSW�KDV�EHHQ�PDGH�WR�GHILQH�DQ�HTXLYDOHQW�PDWHULDO�
ZLWK�UHGXFHG�YDOXHV�RI�F DQG�I� DQG�WR�VWLOO�XVH�WKH�OLPLW�WKHRUHPV�>��@���

$ WUXH� OLPLWLQJ�HTXLOLEULXP�DQDO\VLV�RI�WKH�VWDELOLW\�RI�VRLO�VORSHV�KDV�EHHQ�PDGH�SRVVLEOH�XVLQJ�WKH�
VWUHVV�FKDUDFWHULVWLFV�PHWKRG��6&0��>��@��7KH�PHWKRG�FRPELQHV�WKH�GLIIHUHQWLDO�HTXDWLRQV�RI�HTXLOLEULXP�
ZLWK�\LHOG�FRQGLWLRQ�DQG�XVHV�WKH�FHOHEUDWHG�PHWKRG�RI�FKDUDFWHULVWLFV� WR�VROYH� WKH�UHVXOWLQJ�TXDVL�OLQHDU�
SDUWLDO�GLIIHUHQWLDO�HTXDWLRQV��7KH�PHWKRG�LV�QRW�DV�YHUVDWLOH�DV�WKH�FRQYHQWLRQDO�OLPLW�HTXLOLEULXP�PHWKRG�
EHFDXVH�LW�XVHV�D�FRQWLQXXP�DSSURDFK�IRU�VROXWLRQ�RI�WKH�SUREOHP��1HYHUWKHOHVV��LW�KDV�EHHQ�D�IDYRULWH�RQH�
EHFDXVH� LW� SURYLGHV� XV� ZLWK� WKH� XOWLPDWH� ORDG� DW� ZKLFK� WKH� HTXLOLEULXP� FRQGLWLRQ� LV� VWLOO� VDWLVILHG��
)XUWKHUPRUH��EHFDXVH�RI�EHLQJ�ULJRURXV��LW�KDV�EHHQ�XVHG�DV�D�EHQFKPDUN�IRU�WKH�HYDOXDWLRQ�RI�UHVXOWV�RI�
RWKHU�PHWKRGV�LQ�FDVHV�ZKHUH�VROXWLRQV�KDYH�EHHQ�SRVVLEOH�>����������@��1R�FRQVLGHUDWLRQ�LV�PDGH�LQ�WKLV�
PHWKRG�WR�WKH�QRQDVVRFLDWLYH�EHKDYLRU�RI�VRLO��7KHUHIRUH��WKH�REWDLQHG�UHVXOWV�DUH�VWLOO�QRW�RQ�WKH�VDIH�VLGH�
XQOHVV�ZH�XVH�HTXLYDOHQWO\�UHGXFHG�F DQG�I YDOXHV�LQ�WKH�DQDO\VLV�WR�DFFRXQW�IRU�QRQDVVRFLDWLYLW\���,Q�WKH�
DQDO\VLV�RI�WKH�VWDELOLW\�RI�VORSHV��WKH�PHWKRG�KDV�RQO\�EHHQ�XVHG�IRU�WKH�DQDO\VLV�RI�SODQH�VWUDLQ�>��@�DQG�
D[LV\PPHWULF�SUREOHPV�>��@��

$ PRUH� DGYDQFHG�PHWKRG� RI� VWDELOLW\� DQDO\VLV� LV� WKH� ]HUR� H[WHQVLRQ� OLQH�PHWKRG� �=(/0�� >�����@��
$OWKRXJK� LW� XVHV� WKH� PHWKRG� RI� FKDUDFWHULVWLFV� IRU� VROYLQJ� WKH� JRYHUQLQJ� HTXDWLRQV�� LW� LV� EDVHG� RQ� WKH�
YHORFLW\� FKDUDFWHULVWLFV� �L�H��� WKH� ]HUR� H[WHQVLRQ� OLQHV�� UDWKHU� WKDQ� WKH� VWUHVV� FKDUDFWHULVWLFV��7KH�PHWKRG�
FRQVLGHUV� WKH� QRQDVVRFLDWLYH� EHKDYLRU� RI� VRLO� DW� WKH� OLPLWLQJ� HTXLOLEULXP� VWDWH� DV� ZHOO�� 7KHUHIRUH�� LW� LV�
FRQVLGHUHG�PRUH�JHQHUDO� WKDQ� WKH�FRQYHQWLRQDO�PHWKRG�RI� VWUHVV�FKDUDFWHULVWLFV��7KH�]HUR�H[WHQVLRQ� OLQH�
PHWKRG�KDV�EHHQ�GHYHORSHG�WR�VROYH�WKH�SODQH�VWUDLQ�>��@�DQG�D[LV\PPHWULF�>������@�VWDELOLW\�SUREOHPV�LQ�
VRLO�PHFKDQLFV��([WHQVLRQ�RI� WKH�PHWKRG� WR� WKH�PRUH�JHQHUDO�FDVH�RI�QRQFRD[LDOLW\�KDV�DOVR�EHHQ�PDGH�
>��@�� ,QQRYDWLRQ� RI� WKH� H[WHQVLRQ� RI� WKH� PHWKRG� WR� WKH� PRUH� JHQHUDO� WKUHH�GLPHQVLRQDO� FDVH� KDV� EHHQ�
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SUHVHQWHG�KHUH��LQ�WKLV�SDSHU��7KH�FDSDELOLW\�RI�WKH�PHWKRG�LQ�DVVHVVLQJ�WKH�WKUHH�GLPHQVLRQDO�VWDELOLW\�RI�
VORSHV�WKDW�DUH�FXUYHG�LQ�SODQ�KDV�DOVR�EHHQ�GHPRQVWUDWHG��
�

�� 7+(25<��
D��%DVLF�DVVXPSWLRQV���
&RQVLGHU� DQ� HOHPHQW� RI� VRLO� EHWZHHQ� WZR� QHLJKERULQJ� LQWHUPHGLDWH� SULQFLSDO� VWUHVV� SODQHV� LQ� D� WKUHH�
GLPHQVLRQDO�SUREOHP��)LJ������7KH�ORFDO�FRRUGLQDWH�V\VWHP��[� ]� LV�DVVXPHG�VR�WKDW�WKH�]�D[LV�LV�ORFDWHG�
ZKHUH�WKHVH�WZR�FORVH�V��SODQHV�LQWHUVHFW��,W�LV�REYLRXV�WKDW�DW�WKH�IDLOXUH�VWDWH��WKH�IORZ�RI�VRLO�RFFXUV�LQ�V��SODQH�VLQFH� LW� LV� WKH� ODUJHVW�0RKU�FLUFOH�ZLWK�GLDPHWHU�V�� V� WKDW� WRXFKHV�WKH�0RKU�&RXORPE�IDLOXUH�
HQYHORSH� DW� VXFK� D� VWDWH��:LWK� WKH� DQDO\VLV� RI� ERXQGDU\� YDOXH� SUREOHPV� RI� VRLO� VWDELOLW\� W\SH� LQ� WKHVH�
SODQHV��DV�LW�LV�XVXDO�LQ�WKH�PHWKRGV�RI�VWUHVV�FKDUDFWHULVWLFV�RU�]HUR�H[WHQVLRQ�OLQHV��WKH�VWUHVV��DQG�YHORFLW\�
ILHOGV� IRU� WKH� WKUHH� GLPHQVLRQDO� SUREOHP� FDQ� EH� VLPSO\� REWDLQHG�� $OO� ZH� KDYH� WR� GR� LV� WR� ILQG� WKH�
RULHQWDWLRQ�RI� WKHVH� SODQHV� IRU� WKH� WKUHH�GLPHQVLRQDO�SUREOHP�DW� KDQG��)RU� QXPHURXV� WKUHH�GLPHQVLRQDO�
SUREOHPV� LQ�KRPRJHQHRXV� LVRWURSLF�VRLOV�� WKHVH�SODQHV�FDQ�EH�DVVXPHG� WR�EH�VWUDLJKW��VR� WKDW�RQFH� WKHLU�
RULHQWDWLRQ�LV�REWDLQHG�DORQJ�D�FORVHG�FXUYH�� WKHLU�RULHQWDWLRQ�ZRXOG�EH�NQRZQ�HYHU\ZKHUH� LQ� WKH� WKUHH�
GLPHQVLRQDO�VSDFH��,Q�WZR�GLPHQVLRQDO�SUREOHPV�OLNH�SODQH�VWUDLQ�RU�D[LDO�V\PPHWU\��WKH�RULHQWDWLRQ�RI�V��
SODQHV�LV�QRUPDO�WR�WKH�ERXQGDU\�RI�WKH�ORDGHG�DUHD�DV�WKH�SHULPHWHU�RI�D�IRRWLQJ��7KLV�UDLVHV�WKH�QRWLRQ�RI�
NHHSLQJ�WKH�VDPH�FRQGLWLRQ�IRU�WKUHH�GLPHQVLRQDO�SUREOHPV��L�H��IRU�WKH�YHUWLFDOO\�ORDGHG�DUHD��V��SODQHV�
DUH�QRUPDO�WR�WKH�ERXQGDU\�FXUYH�RI�WKH�ORDGHG�DUHD��7KH�RULHQWDWLRQ�RI�V��SODQHV�IRU�WKH�JHQHUDO�FDVH�RI�
DQ�LQFOLQHG�ORDG�RYHU�WKH�DUHD�LV�FRQVLGHUHG�LQ�WKH�QH[W�VHFWLRQ����

)LJ�����6WUHVV�FRPSRQHQWV�DFWLQJ�RQ�DQ�HOHPHQW�RI�VRLO�EHWZHHQ�VXFFHVVLYH�V��SODQHV��
E��2ULHQWDWLRQ�RI�V��SODQHV�IRU�WKH�FDVH�RI�LQFOLQHG�ORDG���

6LPLODU�WR�WKH�WZR�GLPHQVLRQDO�SUREOHPV��ZH�ZRXOG�KDYH�VLQJXODULWLHV�DW�WKH�HGJH�RI�WKH�ORDGHG�DUHD��
7KHVH�DUH�WKH�SRLQWV�DW�ZKLFK�DEUXSW�FKDQJHV�LQ�WKH�GLUHFWLRQ�RI�H�� DQG�KHQFH�LQ�WKH�PDJQLWXGH�RI�VWUHVV��
WDNH�SODFH�� ,W� LV�DVVXPHG� WKDW�D� ULJLG�ZHGJH� LV�SURGXFHG�XQGHU� WKH� ORDGHG�DUHD�E\� WKH�DFWLRQ�RI�DSSOLHG�
ORDG�� DQG� LV� WUDSSHG� EHWZHHQ� WKH� DGMDFHQW� SODVWLF� ]RQHV� LQ� WKH� VRLO�� 7KH� VXUIDFH� RI� VXFK� D� ZHGJH� LV�
JHQHUDWHG�E\� WKH�YHORFLW\�FKDUDFWHULVWLFV� �]HUR�H[WHQVLRQ� OLQHV��ZKLFK�DUH� DVVXPHG� WR�EH�VWUDLJKW��7KHVH�
OLQHV�FURVV�WKH�GLUHFWLRQ�RI�H� DW�DQ�DQJOH�RI�[ ���Q����7KH�GLUHFWLRQ�RI�H�� FRQVLGHUHG�WR�EH�XQLTXH�IRU�WKH�
WUDSSHG�ZHGJH��FDQ�VLPSO\�EH�REWDLQHG�IURP�WKH�RULHQWDWLRQ�DQG�LQFOLQDWLRQ�RI�WKH�DSSOLHG�ORDG��&RQVLGHU�
WKH�WRWDO�DSSOLHG�ORDG�4� LQFOLQHG�DW�DQ�DQJOH�G ZLWK�UHVSHFW�WR�QRUPDO�WR�WKH�ORDGHG�VXUIDFH��7KLV�FDQ�EH�
FRQVLGHUHG� DV� WKH� UHVXOWDQW� RI� D� XQLIRUPO\� GLVWULEXWHG� DYHUDJH� WUDFWLRQ� T� DSSOLHG� WR� WKH� VXUIDFH� RI� WKH�
ORDGHG�DUHD�DW�WKH�VDPH�DQJOH�G� )LJ����VKRZV�WKH�0RKU�FLUFOH�IRU�DQ�HOHPHQW�RI�VRLO�LQ�WKH�ZHGJH�DW�D�V��

[

]

6XFFHVVLYH�V� � SODQHV]

[
\

\

*OREDO�&RRUGLQDWH
6\VWHP�

/RFDO�&RRUGLQDWH�
�6\VWHP�



0��-DKDQDQGLVK�HW�DO���

,UDQLDQ�-RXUQDO�RI�6FLHQFH�	�7HFKQRORJ\��9ROXPH�����1XPEHU�%���������������������������������������������������������������������������)HEUXDU\������

��
SODQH�SDUDOOHO�WR�WKH�DSSOLHG�IRUFH�DQG�ULJKW�DGMDFHQW�WR�WKH�HGJH��SRLQW�RI�VLQJXODULW\���,W�LV�FOHDU�WKDW�WKH�
GLUHFWLRQ�RI�H� PDNHV�DQ�DQJOH�N���ZLWK�WKH�QRUPDO�WR�WKH�VXUIDFH�RI�WKH�ORDGHG�DUHD����

)LJ�����0RKU�FLUFOH�IRU�DQ�HOHPHQW�RI�VRLO�LQ�WKH�ZHGJH�DGMDFHQW�WR�WKH�SRLQW�RI�VLQJXODULW\��
&RQVLGHULQJ�WKH�JHRPHWU\�RI�WKH�0RKU�FLUFOH�VKRZQ�LQ�)LJ�����WKH�DQJOH�N FDQ�EH�H[SUHVVHG�LQ�WHUPV�RI�
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QH[W�VWHS��7KH�LWHUDWLRQ�SURFHHGV�XQWLO�FRQYHUJHQFH�LQ�WKH�YDOXH�RI�N LV�REWDLQHG��

7KH�JHRPHWU\�RI�WKH�WUDSSHG�ZHGJH�XQGHU�WKH�ORDGHG�DUHD�LV�VXFK�WKDW�WKH�ORFDO�]�D[HV�LQ�WKH�V��SODQHV�
PDNH�WKH�VDPH�DQJOH�N���ZLWK�WKH�QRUPDO�WR�WKH�VXUIDFH�RI�WKH�ORDGHG�DUHD��7KH�ORFDO�[�D[LV�LQ�HDFK�V��
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��
SODQH�LV�SHUSHQGLFXODU�WR�WKH�ORFDO�]�D[LV��DQG�SDVVHV�WKURXJK�WKH�SRLQW�DW�ZKLFK�WKH�HGJH�RI�WKH�ORDGHG�DUHD�
FURVVHV�WKH�V��SODQH��7KLV�KDV�EHHQ�W\SLFDOO\�VKRZQ�LQ�)LJ�����������
F��0HWKRGRORJ\�RI�ILQGLQJ�WKH�V��SODQH�DW�WKH�SRLQWV�RQ�WKH�SHULPHWHU�RI�WKH�ORDGHG�DUHD�

7KH� XQLTXH� YDOXH� RI� DQJOH� N��� ZKLFK� GHSHQGV� RQ� G DQG� WKH� VWUHVV� VWDWH� FDQ� QRZ� EH� XVHG� IRU�
FRQVWUXFWLRQ�RI� WKH� WUDSSHG�ZHGJH�XQGHU� WKH� ORDGHG�DUHD��)LJ����VKRZV� WKH�SHULPHWHU�RI� WKH� ORDGHG�DUHD�
ZKHQ� URWDWHG�E\� WKH� DQJOH�N��� VR� WKDW� WKH� GLUHFWLRQ�RI� H� LV� YHUWLFDOO\� GRZQZDUG��7KH� SHULPHWHU� RI� WKH�
ORDGHG�DUHD�LQ�VXFK�D�GLDJUDP�ZRXOG�EH��LQ�JHQHUDO��D�VSDFH�FXUYH��&RQVLGHU�$ DV�D�W\SLFDO�SRLQW�RQ�WKH�
SHULPHWHU� FXUYH��:H� ZDQW� WR� ILQG� WKH�V��SODQH� SDVVLQJ� WKURXJK� WKLV� SRLQW� DQG� WKH� ORFDO� ]� DQG� [�D[HV�
WRJHWKHU�ZLWK�WKH�]HUR�H[WHQVLRQ�OLQH�LQ�WKDW�SODQH��$Q�LQYHUWHG�ULJKW�FLUFXODU�FRQH�DW�$ ZLWK�DQ�DSH[�DQJOH�
RI�E  ���Q�ZRXOG�EH�WKH�ORFXV�RI�VWUDLJKW�OLQHV�WKDW�SDVV�WKURXJK�$ DQG�PDNH�[ ���Q���ZLWK�WKH�GLUHFWLRQ�
RI�H�� 7KHVH�VWUDLJKW�OLQHV�DUH�WKH�JHQHUDWRUV�RI�WKH�FRQH�DQG�WKH�]HUR�H[WHQVLRQ�OLQH�WKDW�ZH�ZDQW�LV�RQH�RI�
WKHP��7KLV�FRQH�� WRJHWKHU�ZLWK� LWV�D[LV��FDQ�EH�FRQVLGHUHG�DV�D�FRQLFDO�SOXPE�ERE�DWWDFKHG� WR� LWV� VWULQJ�
�FRQH�D[LV���KHOG�YHUWLFDOO\�DW�WKH�HGJH�RI�WKH�VORW�PDGH�E\�WKH�SHULPHWHU�FXUYH��3RVLWLRQ�&���LQ�)LJ������,I�LW�
LV�OHW�WR�SHQHWUDWH�LQVLGH�WKH�VORW�LQ�D�ZD\�WKDW�LW�DOZD\V�KDV�FRQWDFW�DW�$ �&���LQ�)LJ������WKH�WUDFH�RI�LWV�
YHUWLFDO�D[LV�GHILQHV�WKH�V��SODQH�SDVVLQJ�WKURXJK�SRLQW�$� ,Q�WKLV�ZD\�WKH�FRQH�VOLSV�GRZQ�DORQJ�RQH�RI�LWV�
JHQHUDWRUV�ZKLFK�LV�WKH�]HUR�H[WHQVLRQ�OLQH�WKDW�ZH�ZDQW��7KLV�OLQH�KDV�EHHQ�VKRZQ�E\�WKH�GDVKHG�OLQH�LQ�
)LJ�����7KH�H[WHQW�RI�WKLV�VOLS�LV�XS�WR�WKH�VWDWH�ZKHUH�WKH�FRQH�JHWV�LQ�WRXFK�ZLWK�WKH�RWKHU�VLGH�RI�WKH�VORW�
DW�VRPH�SRLQW� OLNH�%� 7KH� ORFDO�[�D[LV�ZRXOG�EH�GUDZQ�SHUSHQGLFXODU� WR� WKH�D[LV�RI� WKH�FRQH� LQ� WKDW�V��
SODQH��LQ�D�ZD\�WKDW�LW�SDVVHV�WKURXJK�$ DV�ZHOO��7KH�ORFDO�]�D[LV�ZRXOG�EH�WKH�D[LV�RI�WKH�FRQH�DW�D�VWDWH�LW�
KDV�VOLSSHG�GRZQ�WR�WKH�H[WHQW�WKDW�LWV�FXUYDWXUH�DW�WKH�SRLQW�RI�FRQWDFW�$ LV�WKH�VDPH�DV�WKH�FXUYDWXUH�RI�WKH�
SHULPHWHU�FXUYH��&���LQ�)LJ������,Q�IDFW��WKH�ZHGJH�LV�IRUPHG�E\�WKH�PRYHPHQW�RI�VXFK�D�YHUWLFDO�FRQH�LQ�
WKH�VORW�LQ�D�ZD\�WKDW�LW�DOZD\V�KDV�DW�OHDVW�WZR�SRLQWV�RI�FRQWDFW�ZLWK�WKH�SHULPHWHU�FXUYH����

)LJ�����*HRPHWULF�FRQVLGHUDWLRQV�RI�WKH�WUDSSHG�ZHGJH�XQGHU�WKH�ORDGHG�DUHD�
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'LUHFWLRQ�RI�H��

/RFDO�[�D[LV�

/RFDO�]�D[LV�

$�

%�

&���

&���

&���

N���

'LUHFWLRQ�RI�V�� 3HUSHQGLFXODU�
WR�WKH�ORDGHG�
DUHD�

E



0��-DKDQDQGLVK�HW�DO���

,UDQLDQ�-RXUQDO�RI�6FLHQFH�	�7HFKQRORJ\��9ROXPH�����1XPEHU�%���������������������������������������������������������������������������)HEUXDU\������

��
7KH�JHRPHWULF�FRQVLGHUDWLRQV�IRU�ILQGLQJ�WKH�V��SODQHV��ORFDO�FRRUGLQDWH�D[HV��DQG�]HUR�H[WHQVLRQ�OLQH�PHQWLRQHG� KHUH�� KDYH� EHHQ� LQFRUSRUDWHG� LQWR� FRPSXWHU�FRGH� QXPHULFDO� URXWLQHV� WR� JLYH� WKH� JHRPHWULF�

SURSHUWLHV�RI�WKH�ZHGJH�XQGHU�WKH�ORDGHG�DUHD�ERXQGHG�E\�D�GHILQLWH�SHULPHWHU�FXUYH�>��@���G��(TXLOLEULXP�\LHOG�HTXDWLRQV�LQ�D�W\SLFDO�V��SODQH�� 2QFH� WKH� ORFDWLRQ�RI� WKH� ORFDO�]� DQG�[�D[HV� LQ�DOO�V��SODQHV�SDVVLQJ� WKURXJK�GLIIHUHQW�SRLQWV�RI� WKH�SHULPHWHU�FXUYH�LV�IRXQG��WKH�OLPLWLQJ�HTXLOLEULXP�VWDWH�RI�WKH�SUREOHP�FDQ�EH�LQYHVWLJDWHG��7KH�VRLO�PHGLD�
EHWZHHQ� WZR� VXFFHVVLYH� V��SODQHV� LV� WUHDWHG� DV� D� URXJK� UHWDLQLQJ� ZDOO� SUREOHP� DW� WKH� VWDWH� RI� D[LDO�V\PPHWU\��7KH�VLGH�RI�WKH�ZHGJH�SOD\V�WKH�UROH�RI�WKH�ZDOO��7KLV�LV�W\SLFDOO\�VKRZQ�LQ�)LJ�����7KH�VROXWLRQ�
RI� VXFK� D� SUREOHP�� ZKLFK� KDV� EHHQ� ZHOO� LQYHVWLJDWHG� LQ� >��@�� LV� XVHG� KHUH� DV� D� IXQGDPHQWDO� WRRO� IRU�
REWDLQLQJ�WKH�VWUHVV�ILHOG�LQ�WKH�IDLOXUH�]RQH�LQ�HDFK�V��SODQH��7KH�ORFDO�]�D[LV�LQ�HDFK�RI�WKHVH�SODQHV�SOD\V�WKH�UROH�RI�ORFDO�D[LV�RI�V\PPHWU\�IRU�WKLV�VR�FDOOHG�ORFDOO\�D[L�V\PPHWULF�SUREOHP� 7KH�HTXLOLEULXP�\LHOG�
HTXDWLRQV�DORQJ�WKH�YHORFLW\�FKDUDFWHULVWLFV�ZRXOG�EH�LQ�WKH�IROORZLQJ�IRUP�>��@���
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,Q� WKH� DERYH� HTXDWLRQV�� 7 LV� WKH� PHDVXUH� RI� WKH� UDGLXV� RI� 0RKU� FLUFOH� DW� IDLOXUH� ZKLFK� LV� HTXDO�
WR II FRVVLQ FV � � \ LV� WKH�DQJOH�EHWZHHQ� WKH�SRVLWLYH�GLUHFWLRQ�RI�[�D[LV� DQG�H�� PHDVXUHG�FORFNZLVH���
7KH�]HUR�H[WHQVLRQ�OLQHV�PDNH�WKH�DQJOH�[ ���Q���ZLWK�WKH�GLUHFWLRQ�RI�H��� ,W�KDV�WR�EH�PHQWLRQHG�WKDW�WKH�
DERYH�HTXDWLRQV�DUH�ZULWWHQ�LQ�ORFDO�FRRUGLQDWH�V\VWHP�DQG�I[ DQG�I] DUH�GHILQHG�E\�WKH�IROORZLQJ�HTXDWLRQV���
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; DQG�= LQ�(TV����LQFOXGH�ERG\��VHHSDJH��DQG�LQHUWLDO�IRUFHV�LQ�[ DQG�] GLUHFWLRQV�UHVSHFWLYHO\��'HWDLOV�

RI�VXFK�GHULYDWLRQV�DUH�SURYLGHG�LQ�>������@���

)LJ�����7\SLFDO�SODVWLF�]RQH�DQG�YHORFLW\�FKDUDFWHULVWLFV�QHDU�WKH�ZHGJH�LQ�D�V��SODQH�
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5RXJK�ZDOO��WKH�ODVW�=HUR�([WHQVLRQ�/LQH�

$
6ORSH�6XUIDFH
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��
,QWHJUDWLRQ� RI� WKHVH� HTXDWLRQV� DORQJ� WKH� ]HUR� H[WHQVLRQ� OLQHV� UHVXOWV� LQ� GHWHUPLQDWLRQ� RI� WKH� VWUHVV�

ILHOG�ZLWKLQ�WKH�IDLOXUH�]RQH�LQ�HDFK�RI�WKH�V��SODQHV��,Q�WKLV�ZD\��WKH�VWUHVV�ILHOG�LQ�WKH�SODVWLF�]RQH�DURXQG�WKH�ZHGJH�LV�GHWHUPLQHG��7KLV�LQIRUPDWLRQ�DOORZV�FDOFXODWLRQ�RI�WUDFWLRQ�IRUFHV�WKDW�DFW�RQ�WKH�VXUIDFH�RI�
WKH� ZHGJH�� 8QGHU� WKH� DFWLRQ� RI� WKHVH� IRUFHV� WRJHWKHU� ZLWK� WKH� ERG\�� LQHUWLDO� DQG� VHHSDJH� IRUFHV�� WKH�
HTXLOLEULXP�RI� WKH�ZHGJH�LV�DVVHVVHG�DQG�WKH�DPRXQW�RI� ORDG�WKDW�FDQ�EH�DSSOLHG� WR� WKH� ORDG�DUHD�DW� WKH�
VWDWH� RI� OLPLWLQJ� HTXLOLEULXP� LV� FDOFXODWHG�� 6XFK� SURFHGXUH� KDV� EHHQ� LPSOHPHQWHG� LQWR� D� FRPSXWHU�
SURJUDP��6ORSH�'�� WKH�IORZFKDUW�RI�ZKLFK�LV�VKRZQ�LQ�)LJ�����7KH�SURJUDP�KDV�EHHQ�VSHFLDOO\�GHYHORSHG�
WR�DVVHVV�WKH�WKUHH�GLPHQVLRQDO�VWDELOLW\�RI�VORSHV�WKDW�DUH�FXUYHG�LQ�WKH�SODQ��7KH�LQWHQWLRQ�KDV�DOVR�EHHQ�
WR� DVVHVV� WKH� DJJUDYDWLQJ� HIIHFW� RI� RXWZDUG� FHQWULIXJDO� IRUFH� UHVXOWLQJ� IURP� WKH�PRYHPHQW� RI� WUDIILF� LQ�
FXUYHG� URXWHV� RQ� WKH� VWDELOLW\� RI� WKH� VORSH�� 3DUDPHWHUV� RI� WKH� PRGHO� LQ� D� FLUFXODU� VHJPHQW� KDYH� EHHQ�
GHSLFWHG�LQ�WKH�WKUHH�GLPHQVLRQDO�GLDJUDP�RI�)LJ�����7KH�SUREOHP�LV�DVVXPHG�WR�EH�V\PPHWULF�ZLWK�UHVSHFW�
WR�WKH�JOREDO�[�]�SODQH�LQ�ZKLFK�WKH�ORDG�4 OLHV��6WUHQJWK�RI�VRLO�LV�DOVR�PRELOL]HG�RQ�WKH�RWKHU�VLGH�RI�WKH�
ZHGJH�DZD\�IURP�WKH�VORSH��7KHUHIRUH��D�VWUHQJWK�PRELOL]DWLRQ�IDFWRU��P� LV�FRQVLGHUHG�WR�DFFRXQW�IRU�WKH�
DPRXQW�RI�VRLO�VWUHQJWK�WKDW�LV�PRELOL]HG�RQ�WKDW�VLGH��7KH�YDOXH�RI�P LV�REWDLQHG�YLD�DQ�LWHUDWLYH�SURFHGXUH�
LQ�WKH�FRGH�WR�KDYH�WKH�XOWLPDWH�ORDG��4� LQFOLQHG�DW�WKH�NQRZQ�DQJOH��G � ZLWK�WKH�QRUPDO�WR�WKH�VXUIDFH�
�)LJ������� �

)LJ�����)ORZ�FKDUW�RI�WKH�SURJUDP�

�����������,QSXW�WKH�SDUDPHWHUV�GHILQLQJ�WKH�JHRPHWU\�RI�WKH�������
�SUREOHP��ORDGHG�DUHD��/RDGLQJ�FRQG���:�7���

(DUWKTXDNH�FRHI���PDWHULDO�SURSHUWLHV��HWF���)LJ����

(VWDEOLVK� WKH�JHRPHWU\�RI�WKH�ZHGJH�XQGHU�WKH� ORDGHG�DUHD�EDVHG�RQ� WKH�PDJQLWXGH�RI�WKH�
ORDG�DQG�LWV�LQFOLQDWLRQ���)LJV������(T������

'HWHUPLQH�WKH�RULHQWDWLRQ�RI�V��SODQHV��WKH�]HUR�H[WHQVLRQ�OLQHV�DW�WKH�ZHGJH�DQG�ORFDO�D[LV�RI�
V\PPHWU\�IRU�HDFK�V��SODQH���)LJ�����

'HWHUPLQH�WKH�FURVV�VHFWLRQ�RI�HDFK�V��SODQH�ZLWK�WKH�JHRPHWULF�VXUIDFH�RI�WKH�JURXQG�
RQ�ERWK�YDOOH\�DQG�PRXQWDLQ�VLGH��'HWHUPLQH�WKH�VWUHVV�DW�WKHVH�ERXQGDULHV���)LJ������

$VVXPH�D�WULDO�YDOXH�RI�VWUHQJWK�PRELOL]DWLRQ�IDFWRU�P��IRU�WKH�GHYHORSPHQW�RI�SDUWLDO�VKHDU�VWUHQJWK�IRU�
WKH�VRLO�RQ�WKH�PRXQWDLQ�VLGH��

6WDUW�

6WDUW�FDOFXODWLRQ�RI�WKH�VWUHVV�ILHOG�IRU�HDFK�V��SODQH�XVLQJ�WKH�HTXLOLEULXP�\LHOG�HTV��IRU�ERWK�YDOOH\�DQG�
PRXQWDLQ�VLGHV�RI�WKH�ZHGJH�E\�FRQVLGHULQJ�WKH�:�7���VHHSDJH�IRUFH�DQG�GUDLQDJH�FRQGLWLRQV���(T������

,QWHJUDWH�WKH�VWUHVVHV�DW�WKH�ODVW�]HUR�H[WHQVLRQ�OLQHV�DW�WKH�ZHGJH�WR�ILQG�WKH�IRUFHV�DFWLQJ�RQ�WKH�
ZHGJH�LQ�JOREDO�FRRUGLQDWH�V\VWHP��

&DOFXODWH� WKH� ERG\�VHHSDJH�LQHUWLDO� IRUFHV� DFWLQJ� RQ� WKH� VHJPHQWV� RI� WKH� ZHGJH� DQG� LQWHJUDWH� WR� JHW� WKH�
FRPSRQHQWV�LQ�WKH�JOREDO�FRRUGLQDWH�V\VWHP��

$VVHVV� WKH�HTXLOLEULXP�RI� WKH�ZHGJH�DQG�GHWHUPLQH� WKH� LQFOLQDWLRQ�
RI�WKH�DSSOLFDEOH�VXUIDFH�ORDG�IRU�WKLV�WULDO�YDOXH�RI�P�DVVXPHG���

,V�WKH�GLIIHUHQFH�EHWZHHQ�
�WKH�FDOFXODWHG�DQG�NQRZQ�YDOXH�RI��WKH�LQFOLQDWLRQ�DQJOH�OHVV��

WKDQ�WKH�DFFHSWDEOH�HUURU"�

1R�

<HV�
2XWSXW�WKH��'�JHRPHWU\�RI�IDLOXUH��

������]RQH��ORDG��HWF��

(QG�
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��

)LJ�����*HRPHWULF�SDUDPHWHUV�RI�WKH�SUREOHP�LQWURGXFHG�WR�WKH�FRPSXWHU�FRGH��
'UDLQHG�FRQGLWLRQV�DUH�DQDO\]HG�E\�WKH�VHHSDJH�IRUFH�PHWKRG�ZKLFK�LV�VLPSOHU�IRU�LQFRUSRUDWLRQ�LQWR�

WKH�HTXLOLEULXP�\LHOG�HTXDWLRQV��7KH�VHHSDJH�IRUFHV�ZKLFK�DUH�XVHG�DV�WKH�ERG\�IRUFHV�LQ�WKH�HTXDWLRQV�DUH�
REWDLQHG�E\�PXOWLSO\LQJ�WKH�K\GUDXOLF�JUDGLHQW�DW�HDFK�SRLQW�E\� WKH�XQLW�ZHLJKW�RI�ZDWHU��7KH\�DUH�XVHG�
WRJHWKHU� ZLWK� WKH� EXR\DQW� XQLW� ZHLJKW� LQ� WKH� HTXDWLRQV�� ,W� LV� ZRUWK\� WR� QRWH� WKDW� LQ� FRQWUDVW� WR� OLPLW�
HTXLOLEULXP� RU� OLPLW� DQDO\VLV� PHWKRGV�� WKH� DOJRULWKP� IRU� WKH� VROXWLRQ� RI� WKH� SUREOHP� E\� WKH� SUHVHQWHG�
PHWKRG�GRHV�QRW�LQYROYH�DQ\�VHDUFK�SURFHGXUH�IRU�ILQGLQJ�WKH�JHRPHWU\�RI�D�FULWLFDO�VOLS�VXUIDFH�JLYLQJ�D�
PLQLPXP�RU�DVVXPHG�IDFWRU�RI�VDIHW\��+HUH��OLNH�WKH�PHWKRG�RI�VWUHVV�FKDUDFWHULVWLFV�WKH�JHRPHWU\�RI�WKH�
IDLOLQJ�]RQH�DQG�WKH�ERWWRP�VOLS�OLQH�DUH�SDUW�RI�WKH�VROXWLRQ�REWDLQHG�GXULQJ�WKH�VROXWLRQ�RI�WKH�JRYHUQLQJ�
HTXDWLRQV��
�

�� (;$03/(6�2)�$33/,&$7,21�
7KH�IROORZLQJ�H[DPSOHV�DUH�SURYLGHG�KHUH��WR�VKRZ�WKH�IHDWXUHV�DQG�FDSDELOLWLHV�RI�WKH�PRGHO����
����([DPSOH���� ,Q� WKLV� H[DPSOH�D� WKUHH�GLPHQVLRQDO�PHFKDQLVP� LV� DQDO\]HG� LQ�D� VORSH�RI� FRKHVLYH� VRLO�
ZKLFK� LV� VWUDLJKW� LQ� SODQ�� 7KH� VKHDU� VWUHQJWK� RI� FOD\� LV� ��� N3D� DQG� WKH� XQLW� ZHLJKW� LV� ��N1W�P�� 7KH�
ERXQGDU\�RI�WKH�ORDGHG�DUHD�DW�WKH�OHIW�LV�FLUFXODU�ZLWK�D�UDGLXV�RI����P��7KH�ZLGWK�RI�WKH�ORDGHG�DUHD�DW�WKH�
PLGGOH� VHFWLRQ� LV� ���P��7KH� ODWHUDO� DQG� YHUWLFDO� FRHIILFLHQWV� RI� HDUWKTXDNH� DUH� ���� DQG� ����� �YHUWLFDOO\�
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7KH�LQQHU�DQG�RXWHU�5DGLL�RI�WKH�URXWH�

7KH�HOOLSVH�RQ�WKH�OHIW�ERXQGDU\�RI�WKH�ORDGHG�DUHD

6OLGH�2XWFURS�

4� G5HVXOWDQW�RI�WKH�DSSOLHG�ORDGV
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)HEUXDU\�������������������������������������������������������������������������������,UDQLDQ�-RXUQDO�RI�6FLHQFH�	�7HFKQRORJ\��9ROXPH�����1XPEHU�%��

��
XSZDUG���UHVSHFWLYHO\��7KH�LQFOLQDWLRQ�RI�WKH�ORDG�ZLWK�UHVSHFW�WR�WKH�YHUWLFDO�LQ�WKLV�FDVH�ZRXOG�EH�G  �R�
)LJ����VKRZV�WKH�WKUHH�GLPHQVLRQDO�VFKHPDWLF�GLDJUDP�RI�IDLOXUH�PHFKDQLVP�ZKHQ�WKH�VORSH�DQJOH�LV���R�
6DIHW\� IDFWRU� LV�DSSOLHG� WR� WKH�VKHDU� VWUHQJWK�RI� WKH�VRLO�DQG�WKH�XOWLPDWH� ORDG�LV�FDOFXODWHG� IRU�GLIIHUHQW�
VORSH�DQJOHV��7KH�FDOFXODWHG�DSSOLFDEOH�ORDG�IRU�GLIIHUHQW�VDIHW\�IDFWRUV�KDV�EHHQ�GUDZQ�YV��WKH�VORSH�DQJOH�
LQ�)LJ�����$V�VKRZQ��WKH�DSSOLFDEOH�ORDG�GHFUHDVHV�ZLWK�LQFUHDVH�LQ�VORSH�DQJOH�RU�IDFWRU�RI�VDIHW\���

)LJ�����6FKHPDWLF�GLDJUDP�RI�IDLOXUH�PHFKDQLVP�IRU�([DPSOH����
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�
)LJ�����7KH�DSSOLFDEOH�FUHVW�ORDG�DV�D�IXQFWLRQ�RI��'�VDIHW\�IDFWRU��DQG�VORSH�DQJOH�IRU�([DPSOH����

���� ([DPSOH� ��� $� VORSH� RI� UHODWLYHO\� FRKHVLRQOHVV� VRLO� LQ� GUDLQHG� FRQGLWLRQ� KDV� EHHQ� DQDO\]HG� LQ� WKLV�
H[DPSOH��7KH�VORSH�LV���R ZLWK�UHVSHFW�WR�KRUL]RQ�DQG�LV�FXUYHG�LQ�SODQ��,W�VXSSRUWV�D�FXUYHG�URXWH�RI���P�
ZLGWK�ZLWK�DQ�RXWHU�UDGLXV�RI���P��7KH�KLOO�RQ�WKH�OHIW�VLGH�RI�WKH�URXWH�KDV�DOVR�EHHQ�DVVXPHG�WR�KDYH�WKH�
VDPH�VORSH��7KH�ZLGWK�RI� WKH� ORDGHG�DUHD�DW� WKH�PLGGOH� LV���P�� ,WV� OHIW�VLGH�ERXQGDU\� LV�DQ�HOOLSVH�ZLWK�
%� ��P� DQG� $� ��P� �)LJ�� ���� 7KH� VRLO� KDV� EHHQ� DVVXPHG� WR� EHKDYH� DVVRFLDWLYHO\� ZLWK� I  ��R DQG�
F ��N3D�LQ�GUDLQHG�FRQGLWLRQ��7KH�GHSWK�RI�WKH�ZDWHU�WDEOH�LV����P�EHORZ�WKH�URXWH��7KH�GU\�DQG�VDWXUDWHG�
XQLW�ZHLJKWV�RI�VRLO�DUH����DQG����N1W�P��UHVSHFWLYHO\��7KH�PRYLQJ�WUDIILF�RQ�WKH�FXUYHG�URXWH�KDV�EHHQ�

6ORSH�$QJOH��L���
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,UDQLDQ�-RXUQDO�RI�6FLHQFH�	�7HFKQRORJ\��9ROXPH�����1XPEHU�%���������������������������������������������������������������������������)HEUXDU\������

��
DVVXPHG�WR�SURGXFH�D�FHQWULIXJDO�IRUFH�WKDW�FDXVHV�WKH�UHVXOWDQW�4 WR�PDNH�DQ�DQJOH�RI���R ZLWK�WKH�QRUPDO�
WR�WKH�ORDGHG�DUHD��L�H���G  ��R� 7KH�IORZ�QHW�IRU�WKLV�GUDLQHG�FRQGLWLRQ�KDV�EHHQ�DVVXPHG�WR�EH�XQLIRUP�
ZLWK�SDUDOOHO�IORZ�OLQHV�PDNLQJ�WKH�DQJOH�L� ZLWK�WKH�KRUL]RQ��$�UDQJH�RI�L� ���KRUL]RQWDO�IORZ��WR�L� L�
 ��R �SDUDOOHO�WR�VORSH�IORZ��KDV�EHHQ�LQYHVWLJDWHG�WR�VHH�WKH�HIIHFW�RI�IORZ�GLUHFWLRQ�RQ�WKH�VWDELOLW\��)LJ����
VKRZV�WKH�IDLOXUH�]RQH�IRU�WKLV�H[DPSOH��7KH�RXWFURS�RI�WKH�]RQH�LQIOXHQFHG�E\�WKH�IDLOXUH�KDV�DOVR�EHHQ�
VKRZQ�RQ�WKH�RWKHU�VLGH�RI�WKH�ORDGHG�DUHD�LQ�WKLV�ILJXUH��)LJ�����VKRZV�WKH�YDULDWLRQ�RI�XOWLPDWH�ORDG�ZLWK�
WKH�GLUHFWLRQ�RI�IORZ�LQ�WKH�VORSH��$V�VKRZQ��WKH�KRUL]RQWDO�IORZ�DIIHFWV�WKH�LQVWDELOLW\�RI�WKH�VORSH�PRUH�
WKDQ�WKH�SDUDOOHO�IORZ���

)LJ�����6FKHPDWLF�GLDJUDP�RI�IDLOXUH�PHFKDQLVP�IRU�([DPSOH����
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��

)LJ������7KH�DSSOLFDEOH�FUHVW�ORDG�DV�D�IXQFWLRQ�RI�WKH�DQJOH�RI�ZDWHU�IORZ�IRU�([DPSOH���
�
����([DPSOH����$�FRQFDYH�VORSH�RI�UHODWLYHO\�FRKHVLRQOHVV�VRLO�LQ�GUDLQHG�FRQGLWLRQ�KDV�EHHQ�DQDO\]HG�LQ�
WKLV�H[DPSOH��7KH�VORSH�DQJOHV�IRU�WKH�YDOOH\�VLGH�DQG�PRXQWDLQ�VLGH�DUH�DVVXPHG�WR�EH�WKH�VDPH�DQG�HTXDO�
WR� ��R� ,W� VXSSRUWV� D� FXUYHG� URXWH� RI� ��P� ZLGWK� ZLWK� RXWHU� DQG� LQQHU� UDGLL� RI� ��� DQG� ��� PHWHUV��

T �N3D��
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)HEUXDU\�������������������������������������������������������������������������������,UDQLDQ�-RXUQDO�RI�6FLHQFH�	�7HFKQRORJ\��9ROXPH�����1XPEHU�%��

��
UHVSHFWLYHO\��7KH�ZLGWK�RI�WKH�ORDGHG�DUHD�DW�WKH�PLGGOH�LV��P�DQG�LWV�OHQJWK�LV���P��,WV�OHIW�VLGH�ERXQGDU\�
LV� DVVXPHG� WR� EH� HOOLSWLF��7KH� UDWLR� RI� LWV� GLDJRQDOV�KDV� EHHQ� DVVXPHG������ �)LJ�� ����7KH� VRLO� KDV� EHHQ�
DVVXPHG�WR�EHKDYH�DVVRFLDWLYHO\�ZLWK�I  ��R DQG�F ����N3D�LQ�GUDLQHG�FRQGLWLRQ��7KH�GHSWK�RI�WKH�ZDWHU�
WDEOH� KDV� EHHQ� YDULHG� LQ� WKLV� H[DPSOH� WR� VHH� LWV� LQIOXHQFH� RQ� WKH� VWDELOLW\� RI� WKH� VORSH�� 7KH� GU\� DQG�
VDWXUDWHG�XQLW�ZHLJKWV�RI�VRLO�DUH����DQG����N1W�P� UHVSHFWLYHO\��7KH�IORZ�QHW�IRU�WKLV�GUDLQHG�FRQGLWLRQ�
KDV�EHHQ�DVVXPHG�WR�EH�SDUDOOHO�WR�WKH�VORSH�VXUIDFH��)LJ�����VKRZV�WKH�IDLOXUH�]RQH�IRU�WKLV�H[DPSOH�ZKHQ�
WKH�ZDWHU�OHYHO�LV�DW�PLG�KHLJKW�RI�WKH�VORSH��7KH�XOWLPDWH�ORDGV�IRU�GLIIHUHQW�OHYHOV�RI�ZDWHU�WDEOH�LQ�WKH�
VORSH�KDYH�EHHQ�VKRZQ�LQ�)LJ������$V�VKRZQ��WKH�ORDG�EHDULQJ�FDSDFLW\�RI�WKH�VORSH�GHFUHDVHV�WR�RQH�WKLUG�
E\�ULVH�RI�ZDWHU�WR�WKH�OHYHO�RI�FUHVW���

)LJ������6FKHPDWLF�GLDJUDP�RI�IDLOXUH�PHFKDQLVP�IRU�([DPSOH����
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)LJ������7KH�DSSOLFDEOH�FUHVW�ORDG�DV�D�IXQFWLRQ�RI�ZDWHU�OHYHO�LQ�VORSH�RI�([DPSOH���
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,UDQLDQ�-RXUQDO�RI�6FLHQFH�	�7HFKQRORJ\��9ROXPH�����1XPEHU�%���������������������������������������������������������������������������)HEUXDU\������

��
���&203$5,621�:,7+�35(9,286�:25.6��

7KH� VLPSOH� WKUHH�GLPHQVLRQDO� ]HUR� H[WHQVLRQ� PHWKRG� ��'�=(/0�� SUHVHQWHG� KHUH� LV� OLPLWHG� WR�
KRPRJHQHRXV�VRLOV��,W�LV�QRW�DV�YHUVDWLOH�DV�WKH�OLPLW�HTXLOLEULXP�PHWKRG��/(0��RU�OLPLW�DQDO\VLV�PHWKRG�
�/$0�� WR� FRQVLGHU� QRQKRPRJHQHRXV� VORSHV�� 6RPH� SRLQWV� VKRXOG� EH� PHQWLRQHG� EHIRUH� ZH� HQWHU� WKH�
GLVFXVVLRQV�DERXW�FRPSDULQJ� WKH� UHVXOWV�RI� WKLV�PRGHO�ZLWK� WKRVH�RI� WKH�RWKHUV��)LUVW�RI�DOO�� WKLV�PHWKRG�
LQYHVWLJDWHV� WKH� �'�LQVWDELOLW\� FDXVHG� E\� WKH� DSSOLFDWLRQ� RI� ORDG� WR� D� OLPLWHG� DUHD� RI� WKH� FUHVW�� $V�
PHQWLRQHG�EHIRUH��WKHUH�DUH�RWKHU�VRXUFHV�IRU��'�LQVWDELOLW\��&DVH�KLVWRULHV�UHFRUGHG�LQ�WKH�OLWHUDWXUH�DUH�
OLPLWHG�WR�WKRVH�LQ�ZKLFK�D�QDWXUDO�RU�PDQ�PDGH��'�ZHDN�VXUIDFH�RU�PDWHULDO�QRQ�KRPRJHQHLW\�LV�SUHVHQW��
RU�WKH�VOLGHV�LQ�QDUURZ�YDOOH\V��:RUNV�GRQH�E\�RWKHU�PHWKRGV�RQ�WKH�LQVWDELOLW\�XQGHU�WKH�FUHVW�ORDG�DUH�
UDUH�DQG�DUH� OLPLWHG�WR� WKRVH�E\� WKH�XSSHU�ERXQG�PHWKRG�RI� OLPLW�DQDO\VLV� �/$0���7KLV�PHWKRG�WULHV� WR�
SURYLGH�WKH�OHDVW�XSSHU�ERXQG�WR�WKH�WUXH�FROODSVH�ORDG�E\�H[DPLQLQJ�GLIIHUHQW�FROODSVH�PHFKDQLVPV�DQG�
XVLQJ�DQ�RSWLPL]DWLRQ�SURFHGXUH��7KH�UHVXOWV�REWDLQHG�E\�WKLV�PHWKRG�KDYH�EHHQ�VHOHFWHG�IRU�FRPSDULVRQ�
ZLWK�WKH�=(/0��,W�VKRXOG�EH�PHQWLRQHG�WKDW�WKH��'�=(/0�VDWLVILHV�WKH�HTXLOLEULXP�FRQGLWLRQ�DW�D�OLPLWLQJ�
VWDWH�DQG�ZH�H[SHFW�LW�WR�JLYH�ORZHU�YDOXHV�IRU�WKH�XOWLPDWH�ORDG�FRPSDUHG�WR�/$0�ZKLFK�JLYHV�WKH�XSSHU�
ERXQG�WR�WKH�WUXH�FROODSVH�ORDG��0RUHRYHU��WKH�JRYHUQLQJ�HTXDWLRQV�LQ�WKH�=(/0�IRUP�D�FORVHG�VHW�VR�WKDW�
QR� RSWLPL]DWLRQ� LV� LQYROYHG� LQ� WKH� VROXWLRQ� RI� WKH� SUREOHP�� 6HFRQGO\�� LW� VKRXOG� EH�PHQWLRQHG� WKDW� WKH�
JHRPHWULHV� RI� WKH� ORDGHG� DUHDV� DW� WKH� FUHVW� IRU� WKUHH� GLPHQVLRQDO� /$0�DQG�=(/0�DUH� QRW� H[DFWO\� WKH�
VDPH��$WWHPSWV� KDYH�EHHQ�PDGH� WR� UHVHPEOH� WKH� UHFWDQJOH� RI� ORDG� DUHD� LQ�/$0�E\� VHPL�HOOLSVH� RI� WKH�
VDPH�DUHD�DQG�OHQJWK��7KLV�PD\�EH�WKH�VRXUFH�RI�VRPH�RI�WKH�GLIIHUHQFHV�EHWZHHQ�WKH�FRPSDUHG�UHVXOWV�RI�
WKHVH�PHWKRGV��7KLUGO\��ZH�VKRXOG�QRWH�WKDW�WKH��'�=(/0�GHYHORSHG�KHUH�GRHV�FRQVLGHU�WKH�HIIHFW�RI�VRLO�
FRQGLWLRQV�RQ�WKH�FRXQWHU�VLGH�RI�WKH�VORSH�LQ�WKH�DQDO\VLV��EXW�WKH�RWKHU��'�PRGHOV�GR�QRW��0RELOL]DWLRQ�RI�
VRPH�VWUHQJWK�LQ�WKH�VRLO�RQ�WKH�FRXQWHU�VLGH�RI�WKH�VORSH�FRQWULEXWHV�WR�WKH� LQVWDELOLW\�RI�WKH�VORSH�VLGH��
7KLV�HIIHFW�KDV�RQO\�EHHQ�REVHUYHG�LQ�WKH�WZR�GLPHQVLRQDO�/$0�ZRUN�RI�6DUDQ�HW��DO��>��@�WR�ZKLFK�ZH�
KDYH�FRPSDUHG�RXU��'�UHVXOWV���

$OWKRXJK� WKH� PRGHO� KDV� WKH� DGYDQWDJH� RI� FRQVLGHULQJ� D� VORSH� RQ� WKH� FRXQWHU� VLGH� �DV� D� KLOO� RU�
PRXQWDLQ��� WKLV�RSWLRQ�KDV�EHHQ�SXW� DVLGH� LQ� WKH� FRPSDULVRQV� WR�PDNH� WKH� FRQGLWLRQV� WKH� VDPH�DV�RWKHU�
DSSURDFKHV��7KHUHIRUH��WKH�YDOXHV�RI�U� DQG�L� KDYH�EHHQ�VHW�HTXDO�WR�]HUR�WR�UHVHPEOH�D�IODW�FUHVW�IRU�WKH�
VORSH��)LJ������7KH�YDOXH�RI�U� LV�WDNHQ�YHU\�ODUJH�WR�UHVHPEOH�D�VORSH�WKDW�LV�VWUDLJKW�LQ�SODQ��:KHQ�WZR�
GLPHQVLRQDO� UHVXOWV� DUH� UHTXLUHG�� WKH� OHQJWK� RI� WKH� ORDGHG� DUHD��/� LV� DOVR� WDNHQ� YHU\� ODUJH� LQ� RUGHU� WR�
VXSSUHVV�WKH�HIIHFW�RI�HQGV�DV�PXFK�DV�SRVVLEOH��VHH�)LJ�������

7KH�UHVXOWV�RI�WKH�SURJUDP�KDYH�EHHQ�FRQILUPHG�E\�FRPSDULVRQ�ZLWK�WKH�ULJRURXV�UHVXOWV�IRU�WKH�FDVH�
RI�QR�VORSH��)RU�WKH�FDVH�RI�D�SXUHO\�FRKHVLYH�VRLO�RI�FRKHVLRQ�F� D�YDOXH�RI������LV�REWDLQHG�IRU�WKH�UDWLR�
T�F�ZKLFK�LV�LGHQWLFDO�ZLWK�WKH�WKHRUHWLFDO�YDOXH�RI�1F S���DW�I ���7KH�VDPH�UHVXOW�LV�REWDLQHG�ZKHQ�WKH�
VRLO�GHQVLW\�LV�DOVR�WDNHQ�LQWR�DFFRXQW��$V�ZH�NQRZ��WKH�YDOXH�RI�1J LV�]HUR�IRU�I ���,Q�WKH�FDVH�RI�VORSH��
WKH�UDWLR�T�F� IRU�SXUHO\�FRKHVLYH�VRLOV�GHSHQGV�RQ�WKH�VORSH�DQJOH�� ,W�DOVR�GHSHQGV�RQ� WKH�GLPHQVLRQOHVV�
UDWLR�J%�F� DV�ZHOO��6DUDQ�HW��DO��KDYH�SURYLGHG�WKH�UHVXOW�RI�/$0�IRU�WKH�FDVH�RI�J%�F ��LQ�ZKLFK�WKH�HIIHFW�
RI�FRXQWHU�VLGH�KDV�DOVR�EHHQ�FRQVLGHUHG�>��@��&RPSDULVRQ�RI�WKHLU�UHVXOWV�ZLWK�WKRVH�RI�=(/0��DV�VKRZQ�
LQ�)LJ������ LQGLFDWHV� WKDW�/$0�JLYHV�KLJKHU�YDOXHV� IRU� WKH� ORDG�DV� H[SHFWHG��5HVXOWV�RI�DQDO\VLV�E\� WKH�
=(/0�LQGLFDWH�WKDW�T�F�GHFUHDVHV�DOPRVW�OLQHDUO\�ZLWK�LQFUHDVH�LQ�VORSH�DQJOH�L� �)LJ�������7KH�UDWH�RI�WKLV�
GHFUHDVH�LV�KLJKHU�IRU�KLJKHU�YDOXHV�RI�J%�F� 7KH�WKHRUHWLFDO�YDOXH�RI�T�F �����REWDLQHG�IRU�DOO�YDOXHV�RI�
J%�F� DW� L� ��KDV� DOVR�EHHQ� VKRZQ� LQ� WKH� ILJXUH��7KH�VROXWLRQ� IRU� WKH�FDVH�RI� VORSH�ZLWK�QR�FUHVW� ORDG� LV�
REWDLQHG�E\�WKH�OLPLWLQJ�VWDWHV�ZKHUH�T�F�DSSURDFKHV�]HUR�IRU�HYHU\�YDOXH�RI�J%�F� 7KHVH�UHVXOWV�KDYH�EHHQ�
VKRZQ�LQ�WKH�IRUP�RI�J+�F�YV��VORSH�DQJOH�LQ�)LJ������&RPSDULVRQ�ZLWK�WKH�UHVXOW�RI�WKH�VOLS�FLUFOH�PHWKRG�
RI�7D\ORU�>��@�LQGLFDWHV�ORZHU�YDOXHV�IRU�WKH�=(/0��
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)LJ������&RPSDULVRQ�RI��'�UHVXOWV�RI�WKH�=(/0�DQG�/$0�RI�6DUDQ��HW��DO��IRU�FRKHVLYH�VRLOV��
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�
)LJ������&RPSDULVRQ�RI��'�UHVXOWV�RI�WKH�=(/0�DQG�7D\ORU¶V�VOLS�FLUFOH�PHWKRG�IRU�FRKHVLYH�VRLOV��

)RU� WKH�FDVH�RI�SXUHO\� IULFWLRQDO� VRLOV�� WKH�YDOXH�RI�T LV�GLYLGHG�E\����J% WR�PDNH� LW�GLPHQVLRQOHVV��
:KHQ� WKH� VORSH� DQJOH� LV� ]HUR�� WKH� YDOXH� RI�T����J% LV� QRWKLQJ� EXW�1J� ZKLFK� LV� RQO\� D� IXQFWLRQ� RI� VRLO�
IULFWLRQ�DQJOH��7DEOH���FRPSDUHV�WKH�UHVXOWV�ZLWK�WKRVH�RI�/$0�RI�6DUDQ�HW�DO��>��@�DQG�6&0�RI�%ROWRQ�DQG�
/DX�>��@��7KH�GDWD�RI�+DQVHQ�DQG�9HVLF�IRU�1J LV�DOVR�LQFOXGHG��7KH�FRPSDULVRQ�LQGLFDWHV�WKDW�WKH�=(/0�
UHVXOWV�DUH�FORVH�WR�WKH�6&0�RI�%ROWRQ�DQG�/DX��7KH�XSSHU�ERXQG�YDOXHV�RI�6DUDQ�HW�DO��>��@�DUH�KLJKHU�
WKDQ�WKH�RWKHUV��)LJ�����VKRZV�WKH�YDULDWLRQ�RI�WKH�GLPHQVLRQOHVV�UDWLR�T����J%� YV��VORSH�DQJOH�IRU�VRLOV�RI�
GLIIHUHQW�IULFWLRQ�DQJOH��7KH�UHVXOWV�RI�6DUDQ�HW��DO��KDYH�DOVR�EHHQ�VKRZQ�LQ�WKH�ILJXUH��$V�H[SHFWHG��WKHLU�
UHVXOWV�DUH�KLJKHU�WKDQ�WKRVH�REWDLQHG�E\�WKH�=(/0���

0LFKDORZVNL�>��@�KDV�LQYHVWLJDWHG�WKH��'�VWDELOLW\�RI�ORFDOO\�ORDGHG�VORSHV�E\�WKH�XSSHU�ERXQG�/$0��
7KH�FDVH�RI�SXUHO\�IULFWLRQDO�VRLOV�ZLWK���R IULFWLRQ�DQJOH�LV�VKRZQ�LQ�)LJ������7KH�ORDGHG�DUHD�FRQVLGHUHG�
LV�D�UHFWDQJOH�DGMDFHQW�WR�WKH�VORSH�ZLWK�D�OHQJWK�WR�ZLGWK�UDWLR�RI����$VNDUL�>��@��DQG�)DU]DQHK�DQG�$VNDUL��
>��@� KDYH� XVHG� WKH� VDPH� PHWKRG� EXW� KDYH� FRQVLGHUHG� D� PRUH� FRPSOLFDWHG� FROODSVH� PHFKDQLVP� DQG�
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��
REWDLQHG�D�ORZHU�XSSHU�ERXQG�YDOXH��E\�������5HVXOWV�REWDLQHG�E\�WKH��'�=(/0�KDYH�DOVR�EHHQ�VKRZQ�LQ�
WKH�VDPH�ILJXUH��7KHVH�UHVXOWV�KDYH�EHHQ�SURGXFHG�XVLQJ�D�VHPL�HOOLSWLF�VKDSH�ORDGHG�DUHD�WKDW�LV�HTXDO�WR�
WKHLU�UHFWDQJOH�LQ�DUHD�DQG�OHQJWK��7KH�UHVXOWV�LQGLFDWH�KLJKHU�YDOXHV�E\�WKH��'�/$0�LQ�FRPSDULVRQ�WR��'�
=(/0�DV�LV�H[SHFWHG��6RPH�RI�WKH�GLIIHUHQFHV�EHWZHHQ�WKHVH�UHVXOWV�PD\�EH�DWWULEXWHG�WR�WKH�HIIHFW�RI�VRLO�
RQ� WKH� VORSH�FRXQWHU� VLGH��$V�PHQWLRQHG�EHIRUH�� WKLV� HIIHFW��ZKLFK� LV�PRUH� SURQRXQFHG� IRU� ORZHU� VORSH�
DQJOHV��KDV�QRW�EHHQ�FRQVLGHUHG�LQ��'�OLPLW�DQDO\VHV��
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)LJ������&RPSDULVRQ�RI��'�UHVXOWV�RI�WKH�=(/0�DQG�/$0�RI�0LFKDORZVNL�IRU�IULFWLRQDO�VRLO�ZLWK�I ���
�
)LJXUH� ��� FRPSDUHV� WKH� UHVXOWV� RI� �'�=(/0� ZLWK� WKRVH� RI� �'�/$0� LQ� WKH� FDVH� RI� F�I�VRLOV��

&RPSDULVRQ�LV�PDGH�LQ�FDVHV�ZKHUH�WKH�GLPHQVLRQOHVV�UDWLR��J%�F� LV�HTXDO�WR������DQG������FRQVLGHUHG�E\�
0LFKDORZVNL�>��@��7KH�ILJXUH�DOVR�LQFOXGHV�WKH�FDVH�RI�I ���ZKLFK�UHSUHVHQWV�D�SXUHO\�FRKHVLYH�VRLO��7KH�
OHQJWK� WR�ZLGWK�UDWLR�RI�WKH�UHFWDQJOH�RI� WKH� ORDGHG�DUHD� LV�DJDLQ������$V�VKRZQ�� WKH�GLPHQVLRQOHVV� ORDG�
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)HEUXDU\�������������������������������������������������������������������������������,UDQLDQ�-RXUQDO�RI�6FLHQFH�	�7HFKQRORJ\��9ROXPH�����1XPEHU�%��

��

)LJ������&RPSDULVRQ�RI��'�UHVXOWV�RI�WKH�=(/0�DQG�/$0�RI�0LFKDORZVNL�IRU�F�I�VRLOV�
�

7DEOH����&RPSDULVRQ�RI�1J YDOXHV�DV�VXJJHVWHG�E\�GLIIHUHQW�UHVHDUFKHUV�RU�PHWKRGV��
1J  T����J%I +DQVHQ� 9HVLF� %ROWRQ�DQG�/DX���������>��@� =(/0� 6DUDQ�HW��DO����������>��@�

� ���� ���� ����� ����� �
��� ���� ���� ����� ����� �����
��� ���� ���� ����� ����� �����
��� ���� ���� ����� ����� �����
��� ���� ����� ����� ������ ������
��� ����� ����� ����� ������ ������
��� ����� ������ ����� ������ ������
��� ����� ������ ���� ������ �������
��� ������ ������ ����� ����� �

���6800$5<�$1'�&21&/86,21��
7KH�VLPSOH�WKUHH�GLPHQVLRQDO�PRGHO�SUHVHQWHG�KHUH��ZKLFK�ZDV�EDVHG�RQ�WKH�]HUR�H[WHQVLRQ�OLQH�PHWKRG��
FDQ�EH�XVHG�IRU�VWDELOLW\�DQDO\VLV�LQ�VRLO�HQJLQHHULQJ��7KLV�PRGHO�LV�UHOHYDQW�WR�FRQGLWLRQV�ZKHUH�WKH�ORFDO�
ORDGLQJ�LV� WKH�PDLQ�FDXVH�RI� WKH�WKUHH�GLPHQVLRQDO�IDLOXUH��$�ULJLG�ZHGJH�LV�DVVXPHG�WR�IRUP�XQGHU� WKH�
ORDGHG�DUHD�DQG�WKH�FKDUDFWHULVWLF�SODQHV�LQ�ZKLFK�WKH�IORZ�RI�VRLO�WDNHV�SODFH�DUH�REWDLQHG�E\�JHRPHWULF�
FRQVLGHUDWLRQV� RI� WKH� SUREOHP�� 7KH� HTXLOLEULXP�\LHOG� HTXDWLRQV� DUH� LQWHJUDWHG� DORQJ� WKH� YHORFLW\�
FKDUDFWHULVWLFV��]HUR�H[WHQVLRQ�OLQHV��LQ�WKHVH�SODQHV�DQG�WKH�IDLOXUH�]RQH�LV�REWDLQHG��([DPSOHV�SUHVHQWHG�
LQGLFDWH�WKDW�WKH�PRGHO�DOVR�FRQVLGHUV�WKH�HIIHFW�RI�WKH�VRLO�RQ�WKH�FRXQWHU�VLGH�RI�WKH�VORSH�RQ�WKH�VWDELOLW\��
7KH�FDSDELOLWLHV�RI�WKH�PRGHO�LQ�DQDO\]LQJ�VWDELOLW\�RI�VWUDLJKW�DQG�FXUYHG�VORSHV�LQ�WKH�SODQ�KDYH�DOVR�EHHQ�
VKRZQ��/DWHUDO� IRUFHV�GXH� WR�HDUWKTXDNH�RU�PRYLQJ� WUDIILF� LQ�FXUYHG� URXWHV�FDQ�DOVR�EH�PRGHOHG�E\� WKH�
PHWKRG��7KH�DJJUDYDWLQJ�HIIHFW�RI�VHHSDJH�IRUFH�GXH�WR�IORZ�RI�ZDWHU�LQ�WKH�VORSH�XQGHU�GUDLQHG�FRQGLWLRQV�
FDQ� DOVR� EH� LQYHVWLJDWHG�� &RPSDULVRQ� RI� WKH� UHVXOWV� ZLWK� WKRVH� RI� /$0� LQGLFDWHV� WKDW� WKH� SUHGLFWHG�
XOWLPDWH�ORDGV�RI�WKH�=(/0�DUH�JHQHUDOO\�ORZHU�WKDQ�WKRVH�RI�XSSHU�ERXQG�/$0��7KH�JUHDWHU�GLIIHUHQFH�
EHWZHHQ�WKH�UHVXOWV�RI�WKHVH�WZR�PRGHOV�LQ�WKH��'�SUREOHP�LV�EHFDXVH�LQ�WKH�SUHVHQWHG��'�/$�DSSURDFKHV��
WKH�DJJUDYDWLQJ�HIIHFW�RI�VRLO�DW� WKH�FRXQWHU� VLGH�RI� WKH�VORSH�RQ� LWV� VWDELOLW\�KDV�QRW�EHHQ�FRQVLGHUHG� LQ�
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,UDQLDQ�-RXUQDO�RI�6FLHQFH�	�7HFKQRORJ\��9ROXPH�����1XPEHU�%���������������������������������������������������������������������������)HEUXDU\������

��
PRGHOLQJ��,W�LV�FRQFOXGHG�WKDW�WKH�VLPSOH��'�]HUR�H[WHQVLRQ�OLQH�PRGHO�SUHVHQWHG�KHUH�SURYLGHV�D�XVHIXO�
WRRO�IRU�WKH��'�DQDO\VLV�RI�VWDELOLW\�SUREOHPV�LQ�VRLO�HQJLQHHULQJ�������
�
$FNQRZOHGJHPHQW��7KLV�SDSHU�LV�SDUW�RI�D�UHVHDUFK�SURMHFW�VXSSRUWHG�E\�UHVHDUFK�GHSDUWPHQWV�RI�6KLUD]�
8QLYHUVLW\�DQG�WKH�0LQLVWU\�RI�5RDG�DQG�7UDQVSRUWDWLRQ��7KH�DXWKRUV�ZLVK�WR�WKDQN�WKH�RIILFLDOV�RI�WKHVH�
RUJDQL]DWLRQV�IRU�WKHLU�VXSSRUW�LQ�FRPSOHWLQJ�WKH�UHVHDUFK�ZRUN��$VVLVWDQFH�RI�0HVVUV�$UYLQ�DQG�1LNRRHH�
LQ�SURYLGLQJ�VRPH�RI�WKH�OLWHUDWXUH�RI�WKH�VXEMHFW�LV�DOVR�DFNQRZOHGJHG���
�

5()(5(1&(6��
��� 6KHUDUG��-��/���:RRGZDUG��5��-���*L]LHQVNL��6��)��	�&OHYHQJHU��:��$����������(DUWK�DQG�HDUWK�URFN�GDPV� -RKQ�

:LOH\�	�6RQV��,QF���1<������SS��
��� /DPEH��7��:��	�:KLWPDQ��5��9����������6RLO�PHFKDQLFV� -RKQ�:LOH\�	�6RQV��1<������SS��
��� $QDJQRVWL��3����������7KUHH�GLPHQVLRQDO�VWDELOLW\�RI�ILOO�GDPV��3URFHHGLQJV��RI�WKH��WK�,QWHUQDWLRQDO�&RQIHUHQFH�

RQ�6RLO�0HFKDQLFV�DQG�)RXQGDWLRQ�(QJLQHHULQJ� 0H[LFR��9RO�����SS�����±�����
��� $]]RX]��$��6��	�%DOLJK��0��0����������7KUHH�GLPHQVLRQDO�VWDELOLW\�RI�VORSHV��5HVHDUFK�5HSRUW�5������2UGHU�1R��

�����'HSW��RI�&LYLO�(QJ���0DVVDFKXVHWWV�,QVWLWXWH�RI�7HFKQRORJ\��&DPEULGJH��0DVV�������SS��
��� $]]RX]��$��6��	�%DOLJK��0��0����������/RDGHG�DUHDV�RQ�FRKHVLYH�VORSHV��-��*HRWHFK��(QJ��'LY���$6&(� 9RO�������

1R�����SS�����������
��� *HQV��$���+XWFKLQVRQ�� -��1��	�&DYRXQLGLV�� 6�� ��������7KUHH� GLPHQVLRQDO� DQDO\VLV� RI� VOLGHV� LQ� FRKHVLYH� VRLOV��

*HRWHFKQLTXH� 9RO������1R�����SS��������
��� +RYODQG��+��-����������7KUHH�GLPHQVLRQDO�VORSH�VWDELOLW\�DQDO\VLV�PHWKRG��-��*HRWHFKQLFDO�(QJ��'LY���$6&(� 9RO��

�����1R�����SS�����������
��� &KHQ��5��+��	�&KDPHDX�� -��/�� ��������7KUHH�GLPHQVLRQDO� OLPLW�HTXLOLEULXP�DQDO\VLV�RI� VORSHV��*HRWHFKQLTXH�

9RO������1R�����SS���������
��� &KHQ�� =���0L�� +��� =KDQJ�� )�� 	�:DQJ�� ;�� �������� $� VLPSOLILHG� PHWKRG� IRU� �'� VORSH� VWDELOLW\� DQDO\VLV��&DQ��

*HRWHFK��-���9RO������SS������������
���� -LDQJ�� -�� &�� 	� <DPDJDPL�� 7�� �������� 7KUHH�'LPHQVLRQDO� VORSH� VWDELOLW\� DQDO\VLV� XVLQJ� DQ� H[WHQGHG� 6SHQFHU�

PHWKRG��6RLOV�DQG�)RXQGDWLRQV� 9RO������1R�����SS�����������
���� /HVKFKLQVN\��'��	�%DNHU��5����������7KUHH�GLPHQVLRQDO�DQDO\VLV�RI�VORSH�VWDELOLW\��6RLOV�DQG�)RXQGDWLRQV� 9RO��

����1R�����SS����������
���� /HVKFKLQVN\��'��	�+XDQJ��&��&�� ��������*HQHUDOL]HG� VORSH� VWDELOLW\� DQDO\VLV�� LQWHUSRODWLRQ��PRGLILFDWLRQ� DQG�

FRPSDULVRQ��-��*HRWHFKQLFDO�(QJ��'LY���$6&(� 9RO�������SS�������������
���� 8JDL��.�� ��������7KUHH�GLPHQVLRQDO� VORSH� VWDELOLW\� DQDO\VLV�E\� VOLFH�PHWKRGV��3URF��� �WK� ,QW��&RQI�� RQ�1XPHU��

0HWKRGV�LQ�*HRPHFK�� $��$��%DONHPD��5RWWHUGDP��1HWKHUODQGV��SS�������������
���� %\UQH��5��-���.HQGDOO��-��	�%URZQ��6����������&DXVH�DQG�PHFKDQLVP�RI�IDLOXUH�RI�.HWWOHPDQ�+LOOV�/DQGILOO�%�����

3KDVH�,�$��,QVWDELOLW\�DQG�3HUIRUPDQFH�RI�6ORSHV�DQG�(PEDQNPHQWV±�,,��$PHULFDQ�6RFLHW\�RI�&LYLO�(QJLQHHUV��
*HRWHFKQLFDO�6SHFLDO7HFKQLFDO�3XEOLFDWLRQ�1R������(GLWHG�E\�5�%��6HHG�DQG�5�:��%RXODQJHU��9RO�����SS������±
������

���� +XQJU��2���6DOJDGR��)��0��	�%\UQH��3��0�� ��������(YDOXDWLRQ�RI� WKUHH�GLPHQVLRQDO�PHWKRG�RI� VORSH� VWDELOLW\�
DQDO\VLV��&DQ���*HRWHFK��-���9RO������1R�����SS�����������

���� +XDQJ�� &�� &�� 	� 7VDL�� &�� &�� �������� 1HZ� PHWKRG� IRU� �'� DQG� DV\PPHWULFDO� VORSH� VWDELOLW\� DQDO\VLV�� -��
*HRWHFKQLFDO�(QJ��'LY���$6&(� 9RO�������1R������SS�����������

���� +XDQJ�� &�� &��� 7VDL�� &�� &�� 	� &KHQ�� <�� +�� �������� *HQHUDOL]HG� PHWKRG� IRU� WKUHH� GLPHQVLRQDO� VORSH� VWDELOLW\�
DQDO\VLV��-��*HRWHFKQLFDO�(QJ��'LY���$6&(� 9RO�������1R�����SS�����������
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��
���� <X��+�� 6��� 6DOJDGR��5��� 6ORDQ�� 6��:��	�.LP�� -��0�� ��������/LPLW� DQDO\VLV� YHUVXV� OLPLW� HTXLOLEULXP� IRU� VORSH�

VWDELOLW\��-��*HRWHFK��DQG�*HRHQY��(QJ��'LY���9RO�������1R�����SS��������
����0LFKDORZVNL��5��/����������7KUHH�GLPHQVLRQDO�DQDO\VLV�RI�ORFDOO\�ORDGHG�VORSHV��*HRWHFKQLTXH� 9RO������SS�����

�����
���� $VNDUL��)�� ��������$�OLPLW�DQDO\VLV�PHWKRG�IRU� WKUHH�GLPHQVLRQDO�VHLVPLF�VWDELOLW\�RI�QRQKRPRJHQHRXV�VORSHV��

3K'�WKHVLV��)DFXOW\�RI�(QJ���8QLYHUVLW\�RI�7HKUDQ��7HKUDQ��,UDQ��
���� )DU]DQHK��2��	�$VNDUL�� )�� ��������7KUHH� GLPHQVLRQDO� DQDO\VLV� RI� QRQKRPRJHQHRXV� VORSHV�� -��*HRWHFK��(QJ���

$6&(� 9RO�������1R�����SS�����������
���� 'RQDOG�� ,�� %�� 	� &KHQ�� =�� �������� 6ORSH� VWDELOLW\� DQDO\VLV� E\� WKH� XSSHU� ERXQG� DSSURDFK�� )XQGDPHQWDOV� DQG�

PHWKRGV��&DQ��*HRWHFK��-���9RO������SS�����������
���� *LJHU��0��:��	�.UL]HN�� 5�� -�� �������� 6WDELOLW\� DQDO\VLV� RI� YHUWLFDO� FXW� ZLWK� YDULDEOH� FRUQHU� DQJOH��6ROLV� DQG�

)RXQG���9RO������1R�����SS���������
���� &KHQ��=���:DQJ��;���+DEHUILHOG��&���<LQ��-��+��	�:DQJ��<����������$�WKUHH�GLPHQVLRQDO�VORSH�VWDELOLW\�DQDO\VLV�

PHWKRG�XVLQJ�WKH�XSSHU�ERXQG�WKHRUHP��3DUW�,��7KHRU\�DQG�PHWKRGV��,QW��-��5RFN�0HFK��DQG�0LQLQJ�6FLHQFHV�
9RO������SS�����������

���� &KHQ��=���:DQJ��-���:DQJ��<���<LQ��-��+��	�+DEHUILHOG��&����������$�WKUHH�GLPHQVLRQDO�VORSH�VWDELOLW\�DQDO\VLV�
PHWKRG�XVLQJ�WKH�XSSHU�ERXQG�WKHRUHP��3DUW�,��1XPHULFDO�DSSURDFKHV��DSSOLFDWLRQV�DQG�H[WHQVLRQV��,QW��-��5RFN�
0HFK��DQG�0LQLQJ�6FLHQFHV� 9RO������SS�����������

���� 'UHVFKHU��$��	�'HWRXUQD\��(�� ��������/LPLW� ORDG� LQ� WUDQVODWLRQDO� IDLOXUH�PHFKDQLVPV� IRU�DVVRFLDWLYH�DQG�QRQ�
DVVRFLDWLYH�PDWHULDOV��*HRWHFKQLTXH� 9RO������1R�����SS�����������

���� 6RNRORYVNL��9�9����������6WDWLFV�RI�VRLO�PHGLD� %XWWHUZRUWK�6FLHQWLILF�3XEOLFDWLRQV��/RQGRQ��
���� $WNLQVRQ��-��+����������)RXQGDWLRQ�DQG�VORSHV� 0F*UDZ�+LOO�%RRN�&RPSDQ\��1HZ�<RUN������SS���
���� (QRNL��0���<DJL��1���<DWDEH��5��	�,FKLPRWR��(����������*HQHUDOL]HG�OLPLW�HTXLOLEULXP�PHWKRG�DQG�LW¶V�UHODWLRQ�WR�

VOLS�OLQH�PHWKRG��6RLOV�DQG�)RXQGDWLRQV� 9RO������1R�����SS��������
���� +DUU��0��(����������)RXQGDWLRQV�RI�WKHRUHWLFDO�VRLO�PHFKDQLFV� 0F*UDZ�+LOO�%RRN�&RPSDQ\���1HZ�<RUN������

SS��
���� -DKDQDQGLVK��0��	�.HVKDYDU]��$��� ��������6WDELOLW\�RI�D[LDOO\�V\PPHWULF�VORSHV� LQ�VRLO� HQJLQHHULQJ��3URF�� ,QW��

&RQI��RQ�*HRWHFKQLFDO�(QJLQHHULQJ� %HLUXW��/HEDQRQ��SS����������
���� +DELEDJDKL��.��	�*KDKUDPDQL��$����������=HUR�H[WHQVLRQ�OLQH�WKHRU\�RI�HDUWK�SUHVVXUH��-��*HRWHFK��(QJQJ��'LY���

$6&(������1R�����SS�����������
���� *KDKUDPDQL�� $�� 	� &OHPHQFH�� 6�� 3�� �������� =HUR� H[WHQVLRQ� WKHRU\� RI� G\QDPLF� SDVVLYH� SUHVVXUH� -�� *HRWHFK��

(QJQJ��'LY���$6&(������1R�����SS�����������
���� -DKDQDQGLVK�� 0�� �������� =HUR� H[WHQVLRQ� OLQH� QHW� DQG� LWV� DSSOLFDWLRQ� LQ� VRLO� PHFKDQLFV� 0�6F�� WKHVLV�� 6KLUD]�

8QLYHUVLW\��6KLUD]��,UDQ��
���� -DKDQDQGLVK��0���%HKSRRU��/��	�*KDKUDPDQL��$����������/RDG�GLVSODFHPHQW�FKDUDFWHULVWLFV�RI� UHWDLQLQJ�ZDOOV��

3URF����WK�,&60)(��9RO�����5LR�GH�-DQHLUR��%UD]LO��SS�����������
���� $QYDU��6��$��	�*KDKUDPDQL��$����������(TXLOLEULXP�HTXDWLRQV�RQ�]HUR�H[WHQVLRQ�OLQHV�DQG�LWV�DSSOLFDWLRQ�WR�VRLO�

HQJLQHHULQJ��,UDQLDQ�-RXUQDO�RI�6FLHQFH�DQG�7HFKQRORJ\��7UDQVDFWLRQ�%��(QJLQHHULQJ� 9RO������%���SS���������
���� -DKDQDQGLVK��0����������'HYHORSPHQW�RI�WKH�]HUR�H[WHQVLRQ�OLQH�PHWKRG�IRU�D[LDOO\�V\PPHWULF�SUREOHPV�LQ�VRLO�

PHFKDQLFV��6FLHQWLD�,UDQLFD� 9RO������1R�����SS�������
���� $UYLQ��0��5����������$SSOLFDWLRQ�RI�]HUR�H[WHQVLRQ� OLQH�PHWKRG� LQ�DQDO\VLV�RI�D[LDOO\�V\PPHWULF�VORSHV� 0�6F��

WKHVLV��6KLUD]�8QLYHUVLW\��6KLUD]��,UDQ������SS��
���� -DKDQDQGLVK�� 0�� 	� (VODPL� +DJKLJKDW�� $�� �������� $QDO\VLV� RI� ERXQGDU\� YDOXH� SUREOHPV� LQ� VRLO� SODVWLFLW\�
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