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&RPSXWDWLRQV� DUH� SHUIRUPHG� VWDUWLQJ� IURP�WKH� UHVLGXH� HQG� LQ� WHUPV� RI� WKH� 5Z LQ� WKH�FRXQWHUFXUUHQW� VLWXDWLRQ�DV�PHQWLRQHG�DERYH��+RZHYHU��UHVXOWV�DUH�SUHVHQWHG�LQ�WHUPV�RI�5 IIRU�FRPSDULVRQ�SXUSRVHV�*RYHUQLQJ� (TXDWLRQV� ZLWK� $V\PSWRWLF�5HJLPHV,��/RZHU�/LPLW�� �oD �:KHQ�WKH�SHUPHDELOLWLHV�RI�WKH�WZR�JDVHV�DUH�HTXDO � � D ��

LQ[[\   ����

%\� XVLQJ� HTXDWLRQ� ��� /� FDQ� EH� FDOFXODWHG�IURP�WKH�EHORZ�HTXDWLRQ�
I5/ ���� ��  J ����

,Q� FDVH� RI� QHDUO\� HTXDO� SHUPHDELOLWLHV�� �oD ��� VROXWLRQ� RI� HTQV� �������� DUH� VRXJKW�E\� H[SDQGLQJ� WKH� XQNQRZQ� [�� \� DQG� / LQ�SRZHUV�RI�WKH�VPDOO�SDUDPHWHU�� ��D ���ZKHUH�WKH� ]HUR� RUGHU� VROXWLRQ� LV� I[[\   ��DQG I5/ ����� ��  J �� DQG� WKH� ILUVW� RUGHU�VROXWLRQ� LV� III�� �5����[[���� J  [\ DQG�
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II 5[/ ���� ��  J �� 7KH� H[SDQVLRQ� LV� WUXQF�DWHG� WR� WKH� ILUVW� RUGHU� RI� � ��D � WHUP� DV�IROORZV�
����� �� D[[[ ����
����� �� D\\\ ����
����� ��  D/// ����

'HWDLOHG� GHYLDWLRQV� RI� HTQV� ���������� DUH�SUHVHQWHG�LQ�DSSHQGL[�$
,,��8SSHU�/LPLW � foD �:KHQ� WKH� SHUPHDELOLW\� RI� WKH� IDVW� JDV� LV�LQILQLWHO\� ODUJH� FRPSDUHG� WR� WKDW�RI� WKH� VORZ�SHUPHDEOH� JDV�� WKH� PHPEUDQH� LV� LQILQLWHO\�VHOHFWLYH� foD DQG PROH� IUDFWLRQ� RI� WKH�IDVW� SHUPHDWLQJ� FRPSRQHQW� RQ� WKH� SHUPHDWH�VLGH�LV�HTXDO� WR�RQH�� � \ ���EHFDXVH�WKHUH�LV�QRW� DQ\� VORZHU� FRPSRQHQW� RQ� WKH� SHUPHDWH�VLGH��(T�����UHGXFHV�WR�

��� `��^��� � � ��� II [ [[[G5G[ JD ����
/�LV�FDOFXODWHG�IURP�HTQV�����DQG�����

���� \[\[/ I ��  ����
,Q�WKH�FDVH�RI�YHU\��GLIIHUHQW��SHUPHDELOLWLHV�\� ���HT�������FDQ�EH�ZULWWHQ�DV�IROORZV�

������ ��  [[/ I ����
)RU�FRXQWHUFXUUHQW�RSHUDWLRQ�WKH�PRGLILFDWLRQ�LV� VLPLODU� WR� WKH� FRFXUUHQW� RSHUDWLRQ�� (TQV������ DQG� ����� JLYHV� WKH� WRWDO� GLPHQVLRQOHVVPHPEUDQH� DUHD� � IZ5 �� UHTXLUHG� WR� DFKLHYH� D�GHVLUHG� VHSDUDWLRQ�� IURP� D� JLYHQ� IHHG�FRPSRVLWLRQ� �[I� WR� WKH� GHVLUHG� UHVLGXH�FRPSRVLWLRQ��[Z�� )RU�GHWHUPLQLQJ�WKH�UHVLGXH�FRPSRVLWLRQ� �[Z�� IRU�D�JLYHQ�PHPEUDQH�DUHD�

� IZ5 �� WKHVH� HTXDWLRQV� PXVW� EH� VROYHG� E\� D�EDFNZDUG�SURFHGXUH�
5HVXOW�DQG�'LVFXVVLRQ5HVXOW� RI� WKH� DV\PSWRWLF� PHWKRG� FRPSDUHG�ZLWK� WKH� H[DFW� VROXWLRQ�� DUH�SUHVHQWHG�EHORZ�IRU� FRFXUUHQW� DQG� FRXQWHUFXUUHQW� IORZ�SDWWHUQV��)RU�H[DFW�VROXWLRQ��HTQV���������DQG����������� DUH� VROYHG� XVLQJ� WKH� IRXUWK� RUGHU�5XQJ�.XWWD�WHFKQLTXH�,Q� )LJ�� ��� WKH� SUHGLFWLRQV� RI� WKH� DV\PSWRWLF�DQDO\VLV� IRU� �oD DUH� FRPSDUHG� WR� DQ� H[DFW�VROXWLRQ� LQ� ZKLFK �������   JI[ DQG�� D RU ��� D �� )LJ�� �� VKRZV� WKDW� WKH�DJUHHPHQW� EHWZHHQ� WKH� H[DFW� DQG� DSSUR�[LPDWH� VROXWLRQV� LV� JRRG� ZKHQ� VHOHFWLYLW\�WHQG� WR�XQLW��$OVR��FRXQWHUFXUUHQW� IORZ�JLYHV�D�PRUH�VDWLVIDFWRU\�DJUHHPHQW�WKDQ�FRFXUUHQW�ZKHQ�VHOHFWLYLW\�WHQGV�WR�XQLWH��7KH�GHYLDWLRQ�IRU� FRFXUUHQW� IURP� DV\PSWRWLF� LV� VOLJKWO\�JUHDWHU�WKDQ�FRXQWHUFXUUHQW�LQ ��� D ��,Q�FDVH�RI�QHDUO\�HTXDO�SHUPHDELOLWLHV�WKH�DV\PSWRWLF�PHWKRG� IRU� FRXQWHUFXUUHQW� RSHUDWLRQ� LV�PRUH�VXLWDEOH� WKDQ� FRFXUUHQW� DQG� SURYLGHV� D�FRQYHQLHQW� PHWKRG� IRU� VKRUW�FXW� GHVLJQ�HVWLPDWLRQ� RI� PHPEUDQH� PRGXOH� SHUIRU�PDQFH�,Q� )LJ�� �D� WKH� SUHGLFWLRQV� RI� WKH� DV\PSWRWLF�DQDO\VLV�IRU� foD DUH�FRPSDUHG�WR�WKRVH�RI�QXPHULFDOO\� VROYLQJ� HTQV� �������� IRU�VLWXDWLRQV� LQ� ZKLFK �������   JI[ DQG����� D ��7KH� IORZ�SDWWHUQ� LV�FRFXUUHQW�DQG�HTXDWLRQV�DUH�LQWHJUDWHG�XQWLO ����� Z[ ��)LJ���D�VKRZV�WKDW�WKH�DJUHHPHQW�EHWZHHQ�WKH�H[DFW� DQG� DSSUR[LPDWH� VROXWLRQV� LV� H[FHOOHQW�ZKHQ� VHOHFWLYLW\� WHQGV� WR� WKH� LQILQLWH�� 0ROHIUDFWLRQ� RQ� WKH� SHUPHDWH� VLGH� \�� DOVR� VKRZV�YHU\� JRRG� DJUHHPHQW� DV� WKH� OHQJWK� RI� WKH�ZKROH�PRGXOH� LV� WUDYHUVHG��ZKLOH� WKH� UHVXOWV�RI� %DVDUDQ� DQG� $XYLO� >�@� VKRZV� WKDW� WKH�SHUPHDWH� VLGH�PROH� IUDFWLRQ�\��YDULHV�E\����IURP� LWV� LQLWLDO�YDOXH�RI�RQH�DV� WKH� OHQJWK�RI�WKH�ZKROH�PRGXOH�LV�WUDYHUVHG��VHH�)LJ���E��)LJ�� �� VKRZV� WKH� [�� \ DQG� / YHUVXV� 5I IRU�FRFXUUHQW�� FRXQWHUFXUUHQW� DQG� DV\PSWRWLF� IRU�WKH�VDPH�FRQGLWLRQV�RI�)LJ�����$V�FDQ�EH VHHQ�
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)LJXUH�����[�5I SURILOH�IRU�FRFXUUHQW�DQG�FRXQWHUFXUUHQW�IORZ�SDWWHUQV� �������   JI[ �

WKH�[�� \� DQG�/ YHUVXV�5I EHKDYLRU�SUHGLFWHG�E\� WKH� DV\PSWRWLF� PHWKRG� FRPSDUHV� ZHOO�ZLWK�WKH�SDWWHUQ�REWDLQHG�E\�DQ�H[DFW�VROXWLRQ�RI� FRFXUUHQW� DQG� FRXQWHUFXUUHQW�� 7KLV�MXVWLILHG� WKH� DVVXPSWLRQ� LQYROYHG� LQ� WKH�GHYHORSPHQW� RI� WKH� DV\PSWRWLF� JRYHUQLQJ�HTXDWLRQV��7KH�DV\PSWRWLF�SUHGLFWLRQ�RI�\��IRU�FRFXUUHQW� IORZ� SDWWHUQ� JHWV� EHWWHU� WKDQ�FRXQWHUFXUUHQW� ZLWK� LQFUHDVLQJ� 5I GXH� WR�GHVFULELQJ� WKH� UHVXOWV� RI� FRXQWHUFXUUHQW� LQ�WHUPV� RI� 5I IRU� FRPSDULVRQ� SXUSRVHV�� $V�VKRZQ� LQ� )LJ�� �� WKH� PROH� IUDFWLRQ�� \ IRU�FRFXUUHQW�IORZ�SDWWHUQ�UHGXFHV�E\������IURP�LWV� LQLWLDO� YDOXH� RI� RQH� DV� WKH� OHQJWK� RI� WKH�ZKROH�PRGXOH�LV�WUDYHUVHG�DQG�IRU�FURVV�IORZ�IURP� %DVDUDQ� DQG� $XYLO� >�@� LV� ���� %XW��VHSDUDWLRQ� LQ� WKH�FRXQWHUFXUUHQW� IORZ�SDWWHUQ�VKRZV� WKH�PROH� IUDFWLRQ�� \ LQFUHDVHV� E\� ���IURP�LWV�LQLWLDO�YDOXH�DW�5Z � DV�WKH�OHQJWK�RI�WKH�ZKROH�PRGXOH�LV�WUDYHUVHG��)RU�FRQGLWLRQV�RI� )LJ�� �� WKH� RXWOHW� SHUPHDWH� FRPSRVLWLRQ�� I\ ��IRU�FRXQWHUFXUUHQW�IORZ�LV�������DQG�WKH�RXWOHW� SHUPHDWH� FRPSRVLWLRQ� � Z\ �� IRU�FRFXUUHQW� IORZ� LV� ������� 7KLV� GLIIHUHQFH� IRU�

ODUJH� PHPEUDQH� VXUIDFHV� FDQ� EH� PRUH�VLJQLILFDQW�� 7KHUHIRUH�� FRXQWHUFXUUHQW� IORZ�VKRZV� WKH� EHWWHU� SHUIRUPDQFH� LQ� WKH� SUHVHQW�FDOFXODWLRQ�� )LJ�� �� DOVR� VKRZV� WKDW� WKH�DV\PSWRWH
V� FXUYH� LV� EHWZHHQ� WKH� H[DFW�VROXWLRQ� RI� FRFXUUHQW� DQG� FRXQWHUFXUUHQW�FXUYHV� 7KLV� YDOLGDWHV� WKH� XVH� RI� DV\PSWRWLF�DQDO\VLV� IRU� UDSLG� HVWLPDWLRQ� RI� PHPEUDQH�SHUIRUPDQFH EHIRUH� FKRRVLQJ� DQ\� NLQG� RI�H[DFW�IORZ�SDWWHUQ�)LJ���� LV� WKH�DV\PSWRWLF�WRWDO�PHPEUDQH�DUHD�DV�D�IXQFWLRQ�RI� WKH�PROH�IUDFWLRQ�RI� WKH�IDVW�JDV� DW�PRGXOH�H[LW�� ,Q� WKH� ODUJH�VHOHFWLYLWLHV��OLWWOH� PHPEUDQH� DUHD� LV� UHTXLUHG� LI JtZ[ ��+RZHYHU�� WKH� WRWDO�PHPEUDQH� DUHD� EHFRPHV�YHU\� ODUJH� LI J��Z[ �� )RU� H[DPSOH��DW ��� J �� WKH� UHTXLUHG� WRWDO�PHPEUDQH� DUHD�ZKHQ� ���� Z[ LV� DERXW� IRXU� WLPHV� JUHDWHU�WKDQ ���� Z[ ��,WV�SK\VLFDO�PHDQLQJ�LV�WKDW�D�PHPEUDQH� PRGXOH� LQ� JDV� VHSDUDWLRQ�SURFHVVHV� KDV� WKH� FDSDFLW\� WR� VHSDUDWH�FRPSRQHQWV� WLOO� D� FULWLFDO� FRQFHQWUDWLRQ� �[ZF��DQG� E\ IXUWKHU� LQFUHDVLQJ� RI� WKH� PHPEUDQH�
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�E�

�D�

PRGXOH� DUHD�� [Z WKLV� FDSDFLW\� GRHV� QRW�GHFUHDVH VLJQLILFDQWO\��$OVR�� E\�GHFUHDVLQJ� ��L�H�� LQFUHDVLQJ� SUHVVXUH� GULYLQJ� IRUFH��� WKH�FULWLFDO FRQFHQWUDWLRQ� �[ZF�� GHFUHDVHV� �DV�VKRZQ� LQ� )LJ����� 7KLV� LV� WKH� SULPDU\� UHDVRQ�IRU� DSSO\LQJ� PXOWLVWDJH� V\VWHPV� LQ� JDV�VHSDUDWLRQ�SURFHVVHV�

)LJXUH��� [��\ DQG�/�YHUVXV�5I� IRU��D�&RFXUUHQW��E��&URVV�IORZ�>�@� �������   JI[ DQG ���� D �

)LJ��� VKRZV� KRZ� WKH� GLPHQVLRQOHVV� PHP�EUDQH� DUHD� YDULHV� ZLWK� WKH� VHOHFWLYLW\�� 7KH�PHPEUDQH� DUHD� VKRZQ� LV� UHTXLUHG� WR� UHGXFH�WKH�PROH� IUDFWLRQ� RI� WKH� IDVW� JDV� LQ� WKH� IHHG�IURP� ���� WR� ����� ,Q� )LJ�� ��� WKH� DV\PSWRWLF�UHVXOWV� �IRU �oD DQG foD �� DQG� WKH�QXPHULFDO� UHVXOWV� �IRU� FRFXUUHQW� DQG�FRXQWHUFXUUHQW�IORZ�SDWWHUQV��DUH�LQ�H[FHOOHQW�DJUHHPHQW� RYHU� WKH� ZKROH� UDQJH� RI�VHOHFWLYLW\��8QGHU�WKH�FRQGLWLRQ�RI�)LJ�����WKH�DV\PSWRWLF� FXUYH� ZKHQ �oD �� LV� LQ�DJUHHPHQW� E\� FRFXUUHQW� DQG� FRXQWHUFXUUHQW�FXUYHV� XQWLO� �� D DQG �� D �� UHVSHFWLYHO\��$OVR�� WKH� DV\PSWRWLF� FXUYH� ZKHQ foD �� LV�LQ�DJUHHPHQW�E\�FRFXUUHQW�DQG�FRXQWHUFXUUHQW�FXUYHV� IRU� VHOHFWLYLWLHV�PRUH� WKDQ� �� DQG�� ��UHVSHFWLYHO\�� ,Q� WKLV� FDVH�� WKH� QXPHULFDO�FDOFXODWLRQ� DQG� WKH� foD DV\PSWRWLF� VKRZ�WKDW� WKH� PHPEUDQH� DUHD� UHTXLUHG� WR� DIIHFW� D�VHSDUDWLRQ�� DSSURDFKHV� ]HUR� ZKHQ� WKH�VHOHFWLYLW\� DSSURDFKHV� LQILQLW\�� 7KLV� LV�SK\VLFDOO\� SODXVLEOH� EHFDXVH� WKH� VHSDUDWLRQ�RFFXUV� LQVLGH� D� WKLQ�ERXQGDU\� OD\HU� DW� WKH�HQWUDQFH� WR� WKH� PRGXOH�� ,Q� )LJ���� WKH�DV\PSWRWLF� DQG� WKH� QXPHULFDO� UHVXOWV� DUH� LQ�H[FHOOHQW�DJUHHPHQW�RYHU� WKH�ZKROH� UDQJH�RI�VHOHFWLYLWLHV�� fdd D� ���7KHUHIRUH��LW�FDQ�EH�FRQFOXGHG� WKDW� WKH�REWDLQHG�VLPSOH� IRUPXODV�LQ� $V\PSWRWLF� $QDO\VLV� PHWKRG DUH� VXLWDEOH�IRU� UDSLGO\� HVWLPDWLQJ� WKH� PHPEUDQH� SHU�IRUPDQFH�LQ�WKH�ZKROH�UDQJH�RI�VHOHFWLYLWLHV�
9HULILFDWLRQ�RI�WKH�$V\PSWRWLF�0HWKRG6ULGKDU� HW� DO�>��@ XVHG� IRXU� VWDJHV� RI� D�FDVFDGH� FRQILJXUDWLRQ� ZKLFK� ZHUH� UHTXLUHG�IRU�REWDLQLQJ�D�����SHUPHDWH�SURGXFW�VWUHDP��7KHLU� PRGHO� ZDV� XVHG� IRU� WKH� VHSDUDWLRQ� RI�SURS\OHQH� DQG� SURSDQH� E\� DQ� HWK\O�FHOOXORVH�PHPEUDQH�� ,Q�)LJ����� WKHLU�PRGHO� UHVXOWV� DUH�FRPSDUHG� ZLWK� WKH� RQHV� FRPSXWHG� E\� WKH�DV\PSWRWLF�PHWKRG��)RU�WKLV�FRPSXWDWLRQ��WKH�GLPHQVLRQOHVV�PHPEUDQH� DUHD� DQG� RSHUDWLQJ�FRQGLWLRQV�RI�6ULGKDU�HW�DO��KDYH�EHHQ�XVHG�DV�D� IXQFWLRQ� RI� WKH� VWDJH� FXW�� � IZ /9 �� DQG�� II /9 �� IRU� FRQFXUUHQW� DQG� FRXQWHUFXUUHQW�IORZ� SDWWHUQV�� UHVSHFWLYHO\�� 7KH� RYHUDOO�
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6HOHFWLYLW\��.

DJUHHPHQW� LV� JRRG� DQG� WKH� PD[LPXP� GLV�FUHSDQFLHV�EHWZHHQ�WKH�$V\PSWRWLF�VROXWLRQV�DQG� 6ULGKDU� HW� DOµV� SUHGLFWLRQV� DUH� OHVV� WKDQ����

)LJXUH� ��� [�� \ DQG� / YHUVXV�5I IRU� &RFXUUHQW� DQG�&RXQWHUFXUUHQW�IORZ�SDWWHUQV� �������   JI[ DQG ���� D �

)LJXUH� �� [Z YHUVXV� WRWDO� GLPHQVLRQOHVV� DUHD� IRU�GLIIHUHQW�J YDOXHV � ��� I[ � ���� D �

)LJXUH� ��� 7RWDO� GLPHQVLRQOHVV� DUHD� DV� D� IXQFWLRQ� RI�VHOHFWLYLW\� IRU� FRFXUUHQW� DQG� FRXQWHUFXUUHQW� IORZ�SDWWHUQ�� �������   JI[ DQG ��� Z[ �
9HULILFDWLRQ�RI�WKH�$V\PSWRWLF�0HWKRG6ULGKDU� HW� DO�>��@ XVHG� IRXU� VWDJHV� RI� D�FDVFDGH� FRQILJXUDWLRQ� ZKLFK� ZHUH� UHTXLUHG�IRU�REWDLQLQJ�D�����SHUPHDWH�SURGXFW�VWUHDP��7KHLU� PRGHO� XVHG� IRU� WKH� VHSDUDWLRQ� RI�SURS\OHQH� DQG� SURSDQH� E\� HWK\O� FHOOXORVH�PHPEUDQH�� ,Q�)LJ����� WKHLU�PRGHO� UHVXOWV� DUH�FRPSDUHG� ZLWK� WKH� RQHV� FRPSXWHG� E\� WKH�DV\PSWRWLF�PHWKRG��)RU�WKLV�FRPSXWDWLRQ��WKH�GLPHQVLRQOHVV�PHPEUDQH� DUHD� DQG� RSHUDWLQJ�FRQGLWLRQV�RI�6ULGKDU�HW�DO��KDYH EHHQ�XVHG�DV�D� IXQFWLRQ� RI� WKH� VWDJH� FXW�� � IZ /9 �� DQG�� II /9 �� IRU� FRQFXUUHQW� DQG� FRXQWHUFXUUHQW�IORZ�SDWWHUQV�� UHVSHFWLYHO\��7KH�RYHUDOO�DJUH�HPHQW� LV� JRRG� DQG� WKH� PD[LPXP� GLVFUH�SDQFLHV� EHWZHHQ� WKH� $V\PSWRWLF� VROXWLRQVDQG� 6ULGKDU� HW� DOµV� SUHGLFWLRQV� DUH� OHVV� WKDQ����)LJV�����VKRZV�WKH�W\SLFDO�IHHG�DQG�SHUPHDWH�FRQFHQWUDWLRQ� SURILOH� IRU� FRFXUUHQW� DQG�FRXQWHUFXUUHQW�IORZ�SDWWHUQV�DV�REWDLQHG�ZLWK�WKH� XVH� RI� WKH� SURSRVHG� VROXWLRQ� WHFKQLTXH��DV\PSWRWLF�� DQG� FRPSDUHG� ZLWK� WKH� RQHV�REWDLQHG� ZLWK� 3DQµV� VROXWLRQ� WHFKQLTXH� >��@XQGHU� WKH� VDPH� RSHUDWLQJ� FRQGLWLRQV�� %RWK�PHWKRGV�JLYH�HVVHQWLDOO\�LGHQWLFDO�UHVXOWV��EXW�WKH�SURSRVHG�DV\PSWRWLF�PHWKRG�UHTXLUHV�OHVV�
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'LPHQ
VLRQOH

VV�0HP
EUDQH�

$UHD

6ULGKDU�HW�DO��PRGHO&$$0
&RFXUUHQW

&RXQWHUFXUUHQW

HIIRUW� LQ� FRPSXWLQJ� EHFDXVH� LW� VROYHV�VLPSOLILHG�DQDO\WLFDO�H[SUHVVLRQV�

)LJXUH� ��� &RPSDULVRQ� EHWZHHQ� 6ULGKDU� HW� DO�� �>��@��PRGHO�DQG�DV\PSWRWLF�PHWKRG� IRU�YDULDWLRQ�RI�GLPHQ�VLRQOHVV�PHPEUDQH�DUHD�ZLWK� VWDJH�FXW� LQ�FRFXUUHQW�	�FRXQWHUFXUUHQW�IORZ�SDWWHUQV
([FHOOHQW� DJUHHPHQWV� DUH� DOVR� REVHUYHG� LQ�)LJ����� ZKHUH� WKH� DV\PSWRWLF� PHWKRG� ZDV�FRPSDUHG� ZLWK� WKH� PRGHO� DQG� H[SHULPHQWDO�UHVXOWV� RI� &RQHVD� HW� DO� >��@�� 7KH\� XVHG� D�QDQRPHWULF� WXEXODU� FHUDPLF�PHPEUDQH� �SRUH�UDGLXVHV� ������ QP�� ZLWK� WZR� VXFFHVVLYH�OD\HUV� RI� DOXPLQD� IRU� GHFUHDVLQJ� SRUH� VL]H�DQG�D� VRO�JHO� WRS OD\HU� 7KH\� WULHG� WR�SUHGLFW�WKH� RSWLPDO� SHUIRUPDQFH� FRQGLWLRQV� DQG� WKH�WRWDO�\LHOG�RI�D�PHPEUDQH�LI�WKH�SHUPHDELOLW\�RI� WKH� JDVHV� WR� EH� VHSDUDWHG� LV� NQRZQ� DV� D�IXQFWLRQ�RI�WKH�PHDQ�SUHVVXUH� $V�FDQ�EH�VHHQ�LQ� )LJ�� ���� WKH� DJUHHPHQWV� EHWZHHQ� WKH�DV\PSWRWLF� PHWKRG� DQG� WKH� &RQHVD� HW� DO�¶V�H[SHULPHQWDO� GDWD� LV� EHWWHU� WKDQ� WKHLU�PRGHO��,W� PD\� EH� DWWULEXWHG� WR� WKH� FRQVLGHUDWLRQ� RI�WKH� IHHG�DQG�SHUPHDWH� VWUHDPV�DV�SOXJ�IORZV�LQ� WKLV� VWXG\�� ZKLOH� &RQHVD� HW� DO�� DVVXPHG�WKDW� WKH� FRPSRVLWLRQ� RI� WKH� JDV�PL[WXUHV� RQ�WKH�KLJK�DQG�ORZ�SUHVVXUH�VLGHV�ZDV�WKH�VDPH�DV� WKDW� RI� WKH� UHVLGXH� DQG� SHUPHDWH� VWUHDPV��UHVSHFWLYHO\�*LJOLD� HW� DO�� >��@� XVHG� WKUHH� SHUPHDWRUV� LQ�VHULHV� DQG� WKH\� UHSRUWHG� WKH� FRQFHQWUDWLRQV�PHDVXUHG� DW� WKH� HQG� RI� HDFK� SHUPHDWRU�� ,Q�

)LJ�� ��D�� WKRVH� UHVXOWV� ZHUH� FRPSDUHG� ZLWK�WKH�RQHV�FRPSXWHG�E\�WKH�DV\PSWRWLF�PHWKRG��)RU� WKLV� FRPSXWDWLRQ�� WKH� PHPEUDQH� GLP�HQVLRQV�DQG�RSHUDWLQJ�FRQGLWLRQV�RI�*LJOLD�HW�DO�� ZHUH� XVHG�� 7KH� SUHVHQW� PRGHO� RYHU�SUHGLFWV� WKH�\�YDOXHV��EHFDXVH��E\�QHJOHFWLQJ�WKH� SUHVVXUH� GURS� LQ� WKH� SHUPHDWH� VLGH�� WKH�PD[LPXP�SUHVVXUH� GULYLQJ� IRUFH� LV� DVVXPHG�LQ�WKH�ZKROH�OHQJWK�RI�WKH�PHPEUDQH�PRGXOH�

)LJXUH� �� &RPSDULVRQ� EHWZHHQ� 3DQ¶V� >��@� VROXWLRQ�DQG� $V\PSWRWLF� PHWKRG� IRU� IHHG� DQG� SHUPHDWH�FRQFHQWUDWLRQ�SURILOH� IRU� �D��FRFXUUHQW��E��FRXQWHUFXU�UHQW�IORZ�SDWWHUQV
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ZKHUHDV� LW� FDQ�EH�REWDLQHG� LQ� WKH�HQG�RI� WKH�PRGXOH� �SHUPHDWH� IORZ� HQG�� ZKHQ� WKH�SHUPHDWH� SUHVVXUH� GURS� LV� FRQVLGHUHG� %XW��WKH� GLVFUHSDQFLHV� EHWZHHQ� WKH� DV\PSWRWLF�PHWKRG� SUHGLFWLRQV� DQG� *LJOLD� HW� DO�¶V�H[SHULPHQWDO� GDWD� DUH� DERXW� OHVV� WKDQ� ����7KHUHIRUH��WKH�RYHUDOO��DJUHHPHQW� LV�JRRG�DQG�WKLV� PHWKRG� DVVXPSWLRQ� KDV� OLWWOH� HIIHFW� RQ�WKH� SUHGLFWLRQ� UHVXOWV�� 7KH� DFFXUDF\� RI� WKLV�FODLP� FDQ� EH� YHULILHG� E\� FRPSDULVRQ� ZLWK�OLWHUDWXUH�GDWD��,Q�)LJ����E��ZKHUH�WKH�SUHVHQW�PRGHO� DQG� *LJOLD� HW� DO�¶V� H[SHULPHQWDO� GDWD�ZHUH�FRPSDUHG�ZLWK�UHVXOWV�RI�.DOGLV�HW�DO�¶V�PRGHO� >��@�� ,Q� VSLWH� RI� FRQVLGHULQJ� WKH�GURS�LQ� SUHVVXUH� E\� WKH� SHUPHDWH� VWUHDP� LQ� WKH�.DOGLV�HW�DO��PRGHO��VLPLODU�GLIIHUHQFHV�LQ�WKH�FRPSXWHG� SHUPHDWH� FRQFHQWUDWLRQ� DUH� DOVR�REVHUYHG�

)LJXUH� ��� &RPSDULVRQ� EHWZHHQ� &RQHVD� HW� DO�� >��@�DQG�DV\PSWRWLF�PHWKRG� IRU� SUHVVXUH�GLIIHUHQFH�YHUVXV�UHVLGXH�IORZ�
&RQFOXVLRQ7KH�DV\PSWRWLF�DQDO\VLV�PHWKRG�ZDV�XVHG�WR�SUHGLFW� WKH� SHUIRUPDQFH� RI� WKH� QDQRPHWULF�WXEXODU� FHUDPLF� PHPEUDQHV� ZLWK� FRFXUUHQW�DQG� FRXQWHUFXUUHQW� IORZ� SDWWHUQV�� LQ� WKLV�VWXG\��$OVR��WKH�JRYHUQLQJ�QRQOLQHDU�RUGLQDU\�GLIIHUHQWLDO� HTXDWLRQV� ZHUH� VROYHG� XVLQJ� WKH�IRXUWK� RUGHU� 5XQJ�.XWWD� WHFKQLTXH�� )LQDOO\�

WKH� $V\PSWRWLF� PHWKRG� ZDV� YHULILHG� E\�GLIIHUHQW� OLWHUDWXUH� H[SHULPHQWDO� GDWD� DQG�ULJRURXV�PRGHOV��

)LJXUH���� &RPSDULVRQ�EHWZHHQ�*LJOLD�HW�DO��>��@�DQG�DV\PSWRWLF� PHWKRG� DQG� .DOGLV� HW� DO >��@� PRGHO� IRU�SHUPHDWH� FRQFHQWUDWLRQ� SURILOHV� DORQJ� DQ� DV\PPHWULF�KROORZ�ILEHU�PHPEUDQH�RSHUDWLQJ�LQ�FRXQWHUFXUUHQW�
*HQHUDO� FRQFOXVLRQV� REWDLQHG� IURP� WKH�FRPSDULVRQ� RI� WKH� DV\PSWRWLF� DQDO\VLV� DQG�H[DFW� VROXWLRQ� UHVXOWV� FDQ� EH� SUHVHQWHG� DV�IROORZV�
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x $W� WKH� IRUPHU� ERXQGDU\� � �oD ��� WKH�DJUHHPHQW� EHWZHHQ� WKH� H[DFW� DQG�DSSUR[LPDWH� VROXWLRQV� LV� JRRG� ZKHQ�VHOHFWLYLW\� WHQGV� WR� XQLWH�� $OVR�� FRXQ�WHUFXUUHQW� IORZ� JLYHV� PRUH� VDWLVIDFWRU\�DJUHHPHQW� WKDQ� FRFXUUHQW� ZKHQ� VHOHF�WLYLW\�WHQGV�WR�XQLWH�x $W� WKH� ODWWHU� FODVV� � foD ��� WKH�DJUHHPHQW� EHWZHHQ� WKH� H[DFW� DQG�DSSUR[LPDWH�VROXWLRQV�LV�H[FHOOHQW�ZKHQ�VHOHFWLYLW\�WHQGV�WR�WKH�LQILQLWH�x &RXQWHUFXUUHQW� IORZ� SDWWHUQ� VKRZHG�EHWWHU� SHUIRUPDQFH� LQ� WKH� PHPEUDQH�PRGXOHV� IRU� JDV� VHSDUDWLRQ� SURFHVVHV�WKDQ� WKH� FRFXUUHQW� IORZ� SDWWHUQ��HVSHFLDOO\� LQ WKH� ODUJH� VXUIDFH� DUHD� RI�PHPEUDQH�PRGXOHV�x ,Q� WKH� ODUJH� VHOHFWLYLWLHV�� WKH� WRWDO�PHPEUDQH� DUHD� EHFRPHV� YHU\� ODUJH�LI J��Z[ �� 7KHUHIRUH�� WKH� RSHUDWLQJ�FRQGLWLRQ�PXVW�EH�OLPLWHG�WR JtZ[ �x 7KH� DV\PSWRWLF� UHVXOWV� �IRU �oDDQG foD �� DQG� WKH� QXPHULFDO� UHVXOWV��IRU� FRFXUUHQW� DQG� FRXQWHUFXUUHQW� IORZ�SDWWHUQV�� DUH� LQ� H[FHOOHQW� DJUHHPHQW�RYHU�WKH�ZKROH�UDQJH�RI�VHOHFWLYLW\�x 7KH� DV\PSWRWLF� FXUYHV� LQWR� WKH� IRUPHU�� �oD �� DQG ODWWHU� � foD �� ERXQ�GDULHV�RYHUODS�HDFK�RWKHU�VXIILFLHQWO\�WR�FRYHU�WKH�ZKROH�UDQJH�RI�VHOHFWLYLWLHV�7KHUHIRUH�� WKH� UHVXOWV� FRQILUP� WKH� XVH� RI�DV\PSWRWLF� DQDO\VLV� IRU� UDSLG� HVWLPDWLRQ� RI�PHPEUDQH� SHUIRUPDQFH EHIRUH� FKRRVLQJ� DQ\�NLQG�RI�WKH�H[DFW�IORZ�SDWWHUQ�
1RPHQFODWXUH$ 0HPEUDQH�DUHD��P��
G (IIHFWLYH�PHPEUDQH�WKLFNQHVV�P�
/ 0RODU� IORZ� UDWH� RI� WKH� IHHG�VWUHDP��PRO��P��VHF��
/ 'LPHQVLRQOHVV�IHHG±VLGH�IORZ�UDWH I// � LQ�FRFXUUHQW�� Z// �

LQ�FRXQWHUFXUUHQW3+ )HHG�VLGH�SUHVVXUH��3D�3/ 3HUPHDWH�VLGH�SUHVVXUH��3D�
. 3HUPHDELOLW\� FRHIILFLHQW �>P��673��P@��P��VHF�3D��
5I I

+/$.3 � 'LPHQVLRQOHVV�PHP�EUDQH� DUHD� PHDVXUHG� IURP�IHHG�LQOHW
5Z Z

+/$.3 � 'LPHQVLRQOHVV�PHP�EUDQH� DUHD� PHDVXUHG� IURP�UHVLGXH�HQG
IZ5 7RWDO GLPHQVLRQOHVV� PHP�EUDQH� DUHD� GHILQHG� ZLWK�UHVSHFW�WR�/I
ZI5 7RWDO GLPHQVLRQOHVV� PHP�EUDQH� DUHD� GHILQHG� ZLWK�UHVSHFW�WR�/Z

9 0RODU� IORZ� UDWH� RI� WKH�SHUPHDWH VWUHDP� �PRO��P��VHF��
9 'LPHQVLRQOHVV� SHUPHDWH±VLGH�IORZ� UDWH I/9 � LQ� FRFXUUHQW��

Z/9 � LQ�FRXQWHUFXUUHQW
[ 0ROH� IUDFWLRQ� RI� WKH� IDVW�SHUPHDWLQJ�FRPSRQHQW�RQ�WKH�IHHG�VLGH�
\ 0ROH� IUDFWLRQ� RI� WKH� IDVW�SHUPHDWLQJ�FRPSRQHQW�RQ�WKHSHUPHDWH�VLGH�6XEVFULSWVI )HHG�LQOHWZ 5HVLGXH�HQG*UHHN�V\PEROV
D 6HOHFWLYLW\� RI� WKH� PHPEUDQH�IRU� WKH� PRUH� SHUPHDEOH�FRPSRQHQW� .��.�
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J 5DWLR� RI� WKH� SHUPHDWH�VLGH�SUHVVXUH� WR� IHHG�VLGH�SUHVVXUH�� +
/33 �

$FNQRZOHGJHPHQWV7KH�$XWKRUV�ZLVK�WR�WKDQN�6DKDQG�8QLYHUVLW\�RI�7HFKQRORJ\��687��DQG�7DEUL]�UHILQHU\�IRU�WKH� ILQDQFLDO� VXSSRUW� RI� WKLV�ZRUN��$OVR��ZH�ZRXOG� OLNH� WR� WKDQN� RXU� FR�ZRUNHUV� DQG�WHFKQLFDO�VWDII�LQ� WKH�GHSDUWPHQW�RI�FKHPLFDOHQJLQHHULQJ�� UHVHDUFK� FHQWHU� IRU� SRO\PHULF�PDWHULDOV DQG QDQRVWUXFWXUH� PDWHULDOV�UHVHDUFK� FHQWHU RI�687�IRU� WKHLU�KHOS�GXULQJ�YDULRXV�VWDJHV�RI�WKLV�ZRUN�
5HIHUHQFH�� %DNHU�� 5�� :��� 0HPEUDQH� 7HFKQRORJ\� DQG�$SSOLFDWLRQV�� -RQH� :LHO\� DQG� 6RQV�� /WG�,6%1�������������������������� 1XQHV�� 6�� 3�� DQG� 3HLQHPDQQ�9�� .��� 0HP�EUDQH� 7HFKQRORJ\� LQ� &KHPLFDO� ,QGXVWU\��:LHO\�9FK��,6%1�������������������������� +ZDQJ�� 6�7�� DQG� .DPPHUPH\HU�� .���0HPEUDQHV� LQ� 6HSDUDWLRQV�� :LOH\�,QWHUVFLHQFH��1HZ�<RUN��1<����������� %RXFLI��1���0DMXPGDU��6�� DQG�6LUNDU��..���6HULHV� VROXWLRQ� IRU� D� JDV� SHUPHDWRU� ZLWK�FRXQWHUFXUUHQW� DQG� FRFXUUHQW� IORZ�� ,QG��(QJ��&KHP��)XQGDP�� ��� ������������� 6KLQGR�� <��� +DNXWD�� 7�� DQG� <RKLWRPH�� +��&DOFXODWLRQ� 0HWKRGV� IRU� 0XOWLFRPSRQHQW�*DV� 6HSDUDWLRQ� E\� 3HUPHDWLRQ�� 6HSDUDW LRQ�6FLHQFH� DQG� 7HFKQRORJ\�� ����� 	� ���� ����������������� 3DQ�� &�� <��� *DV� 6HSDUDWLRQ� E\� +LJK�)OX[��$V\PPHWULF� +ROORZ�)LEHU� 0HPEUDQH��$,&K(�-RXUQDO���� �������������������������� %DVDUDQ� �� 2�� $��� $XYLO�� 6�� 5��� $V\PSWRWLF�$QDO\VLV� RI�*DV� 6HSDUDWLRQ� E\� D�0HPEUDQH�0RGXOH��$,&K(�2FWREHU������������������������������ .URYYLGL�� .�� 5��� .RYYDOL�� $�6��� 9HPXU\�� 6��DQG�.K��$�$���$SSUR[LPDWH�VROXWLRQV�IRU�JDV�SHUPHDWRU� VHSDUDWLQJ� ELQDU\� PL[WXUHV�-RXUQDO� RI� 0HPEUDQH� 6FL��� ���� ���������������

�� &RNHU�� '�� 7��� )UHHPDQ�� 7�� %�� '�� DQG)OHPLQJ�� *�� .���0RGHOLQJ� PXOWL�FRPSRQHQW�JDV� VHSDUDWLRQ�XVLQJ�KROORZ�ILEHU�PHPEUDQH�FRQWDFWRUV� $,&K(� -RXUQDO�� ��� ����� �������������������� 6PLWK�� 6�� :��� )UHHPDQ�� %�� '�� +DOO�� &�� .��DQG� 5DXWHQEDFK�� 5��� $QDO\WLFDO� *DV�3HUPHDWLRQ�0RGHOV� IRU�%LQDU\�*DV�0L[WXUH6HSDUDWLRQ� 8VLQJ� 0HPEUDQH� 0RGXOHV��-RXUQDO� RI� 0HPEUDQH� 6FLHQFH� ����� �������������� .DOGLV�� 6� 3��� .DSDQWDLGDNLV�� *� &�� DQG�6DNHOODURSRXORV�� *� 3��� 6LPXODWLRQ� RI�PXOWLFRPSRQHQW� JDV� VHSDUDWLRQ� LQ� D� KROORZ�ILEHU� PHPEUDQH� E\� RUWKRJRQDO� FROORFDWLRQ �K\GURJHQ� UHFRYHU\� IURP� UHILQHU\� JDVHV��-RXUQDO� RI� 0HPEUDQH� 6FLHQFH�� ����� ��±������������� 6PLWK�� 6�:��� +DO�� &�.��� )UHHPDQ�� %�'���5DXWHQEDFK�� 5��� &RUUHFWLRQV� IRU� DQDO\WLFDO�JDV�SHUPHDWLRQ� PRGHOV� IRU� VHSDUDWLRQ� RI�ELQDU\� JDV� PL[WXUHV� XVLQJ� PHPEUDQH�PRGXOHV��-RXUQDO�RI�0HPEUDQH�6FLHQFH������������������������� %DEDOXR�� $�$�� DQG� 5D]PMRR�� $���0DQXIDFWXULQJ� RI� DOXPLQD�FHULD� QDQRFRP�SRVLWH� PHPEUDQHV� IRU� UHPRYLQJ� RI� YRODWLOH�RUJDQLF� FRPSRXQGV�� $192& 6\PSRVLXP��,VWDQEXO��7XUNH\������������± ���0D\����-XQH���������� 6ULGKDU�� 6�� DQG� .KDQ�� $�� $��� 6LPXODWLRQ�VWXGLHV� IRU� WKH� VHSDUDWLRQ� RI� SURS\OHQH� DQG�SURSDQH� E\� HWK\O�FHOOXORVH� PHPEUDQH��-RXUQDO�RI�0HPEUDQH�6FLHQFH�� ����������������������� 3DQ�� &�<�� DQG�+DEJRRG��+�:��� $Q� DQDO\VLV�RI� WKH� VLQJOH�VWDJH� JDVHRXV� SHUPHDWLRQ�SURFHVV�� ,QG�� (QJ�� &KHP�� )XQGDP��� ��� �������������� &RQHVD��$���5RXUD��)���3LWDUFK��-�$���9LFHQWH�0LQJDUUR��,���5RGULJXH]��0�$���6HSDUDWLRQ�RI�ELQDU\� JDV� PL[WXUHV� E\� PHDQV� RI� VRO� JHO�PRGLILHG� FHUDPLF� PHPEUDQHV�� 3UHGLFWLRQ� RI�PHPEUDQH� SHUIRUPDQFH� -RXUQDO� RI�0HPEUDQH�6FLHQFH� ���� ������������������� *LJOLD��6���%LNVRQ��%���3HUULQ��-��(���'RQDWHOOL�$�� $�� 0DWKHPDWLFDO� DQG� H[SHULPHQWDO�DQDO\VHV� RI� JDV� VHSDUDWLRQ� E\� KROORZ� ILEHU�PHPEUDQHV�� ,QG�� (QJ��&KHP��5HV�� ��� ������������
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��� .DOGLV�� 6�3��� .DSDQWDLGDNLV�� *�&��� 3DSDGR�SRXORV�� 7�,�� DQG� 6DNHOODURSRXORV�� *�� 3���6LPXODWLRQ� RI� ELQDU\� JDV� VHSDUDWLRQ� LQ� D�KROORZ� ILEHU� DV\PPHWULF� PHPEUDQH� E\�RUWKRJRQDO�FROORFDWLRQ��-RXUQDO�RI�0HPEUDQH�6FLHQFH��������������������
$SSHQGL[�$'HYHORSPHQW�RI�HTQV����������)URP�WKH�HT���RI�WKH�WH[W�

�� �@`���>������^�
II [\ \[[\[[\[G5G[ � ������� JJD

���%\� VXEVWLWXWLQJ� IRU� \� IURP� HT������ LQ�HT�����RQH�KDYH�
�@`���>�����^ IIIIIII [[[[[[G5G[ ������ JJD �$��$IWHU�VLPSOLILFDWLRQ�
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ZKHUH I[[  � DQG� WKH� ILUVW� RUGHU� VROXWLRQ� LV�
III �5����[[����[ J � �(T����FDQ�EH�REWDLQHG�E\�D�VLPLODU�ZD\�IURP�WKH�HT���RI�WKH�WH[W�)URP�WKH�HT���RI�WKH�WH[W�

�@����>����� ���� �� \[\[5G 9G5G /G II �����  �  JJD ���

%\� VXEVWLWXWLQJ� IRU� \� IURP� HT������ LQ� HT������RQH�KDYH�
�@����>����� �� IIIII [[[[5G /G ����� �  JJD �$��$IWHU�WKH�VLPSOLILFDWLRQ�

�@����>���� �� III [[5G /G ��� �  DJ �$��
(T�$��LV�LQWHJUDWHG�IURP�/ � WR�/�DQG�5I �WR�5I WR�REWDLQ�

���������� �����  DJJ III 5[5/ �$��
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����� ��  D/// ����
ZKHUH� I5/ ����� ��  J DQG� WKH� ILUVW� RUGHU�VROXWLRQ�LV�� II 5[/ ���� ��  J �


