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,Q�RUGHU�WR�PDNH�XVH�RI�ORZ�WHPSHUDWXUH�KHDW��VRODU�KHDW��UHVLGXDO�KHDW���WKH�SRVVLELOLW\�ZDV�LQYHVWLJDWHG�RI�XVLQJ�D� WZR�SKDVH�WZR�FRPSRQHQW� HMHFWRU� ZKLFK� RSHUDWHV� ZLWK� DPPRQLD�ZDWHU� DV� WKH� ZRUNLQJ� PL[WXUH�� %RWK� WKH�SULPDU\��ZKLFK LV�XQGHU�KLJK�SUHVVXUH��DV�ZHOO�DV�WKH�VXFWLRQ�IORZ�FRPSULVH�WZR�SKDVH�IORZV�ZLWK�VSHFLILF�YDSRXU�FRQWHQWV��7KH�SXUSRVH�RI� WKLV� LV� WR�DOLJQ� WKH�YHORFLWLHV� LQ� WKH�PL[LQJ�VHFWLRQ� LQ�RUGHU� WR�UHGXFH�WKH�ORVVHV��7KH�REMHFWLYH�LV�WR�LPSURYH�WKH�HIILFLHQF\�RI�WKH�HMHFWRU��7KH�FDOFXODWLRQ�RI�WKH�WZR�SKDVH�WZR�FRPSRQHQW�HMHFWRU�ZLOO�EH�GLVFXVVHG�LQ�WKLV�SDSHU��2Q�WKH�EDVLV�RI�WKH�WKHRUHWLFDO�FDOFXODWLRQV��DQ�HMHFWRU�UHIULJHUDWLRQ�SODQW�ZLWK�D�FROG�FDSDFLW\�RI����N:�ZDV�FRQVWUXFWHG��7KH�UHVXOWV�ZLOO�EH�UHSRUWHG�LQ�GHWDLO�
.(<:25'6(MHFWRU��WZR�SKDVH�IORZ��FROG�SURGXFWLRQ��VXSHUVRQLF�IORZ��DPPRQLD
�� ,1752'8&7,217KH� XVH� RI� ORZ�WHPSHUDWXUH� KHDW� �VRODU� HQHUJ\��UHVLGXDO� KHDW�� SRVVHVVHV� JUHDW� SRWHQWLDO� IRU� WKH�SURGXFWLRQ� RI� FROG� ZKLFK� FDQ� EH� XVHG� E\� PHDQV� RI�DEVRUSWLRQ�SURFHVVHV�� ,Q�YLHZ�RI� WKH� UHGXFWLRQ�LQ�WKH�DSSDUDWXV�QHHGHG��HMHFWRU�SURFHVVHV�DUH�DQ�HFRQRPLF�DOWHUQDWLYH� DOWKRXJK� WKH� &23� � IDFWRU� LV� VPDOOHU� LQ�WKLV�FDVH�
7KH�REMHFWLYH�RI�WKH�SURFHVV�SUHVHQWHG�KHUH�FRQVLVWHG�LQ� WKH� GHYHORSPHQW� RI� D� VRODU�GULYHQ� UHIULJHUDWLRQ�SODQW� IRU� DLU�FRQGLWLRQLQJ�DQG� UHIULJHUDWLQJ�SXUSRVHV��7KH�PDLQ� FRPSRQHQW� LV� D� WZR�SKDVH�WZR�FRPSRQHQW�HMHFWRU� ZKLFK� RSHUDWHV� ZLWK� DPPRQLD�ZDWHU� DV� WKH�ZRUNLQJ� PL[WXUH�� %RWK� WKH� SULPDU\�� ZKLFK� LV� XQGHU�KLJK� SUHVVXUH�� DV� ZHOO� DV� WKH� VXFWLRQ� IORZ� FRPSULVH�WZR�SKDVH� IORZV� ZLWK� VSHFLILF� YDSRXU� FRQWHQWV�� 7KH�UHDVRQ�IRU�WKLV�OLHV�LQ�WKH�IDFW�WKDW�DIWHU�WKH�H[SDQVLRQ�LQ� WKH� SULPDU\�RU� VXFWLRQ�QR]]OH�� VPDOOHU�GLIIHUHQFHV�LQ� YHORFLW\� DW� WKH� HQWU\� WR� WKH�PL[LQJ� VHFWLRQ� FDQ�EH�DFKLHYHG�� ,Q� WKHUPRG\QDPLF� WHUPV� WKLV� PHDQV� WKDW�WKH�FKDQJH�LQ�HQWKDOS\�RQ�WKH�SULPDU\�RU�VXFWLRQ�VLGH�LV�DOPRVW� WKH�VDPH��7KH�LPSDFW�ORVVHV�DUH�UHGXFHG�DV�D� UHVXOW� VR� WKDW� FRQVHTXHQWO\� HIILFLHQF\� LV� LPSURYHG��7ZR�SKDVH� IORZV� DOVR� SUHYDLO� LQ� WKH� PL[LQJ� VHFWLRQ�DQG�LQ�WKH�GLIIXVHU��,W�FDQ HYHQ�RFFXU�WKDW�DIWHU�PL[LQJ�LQ� WKH� PL[LQJ� VHFWLRQ� WKHUH� LV� D� VXSHUVRQLF� IORZ�� ,Q�WKLV�FDVH�D�/DYDO�QR]]OH�LV�XVHG�LQ�SODFH�RI�D�GLIIXVHU�WR�DFKLHYH�DQ�HIILFLHQW�FRQYHUVLRQ�
)ROORZLQJ� H[WHQVLYH� SUH�FDOFXODWLRQV�� D� WHVW� SODQW�ZLWK� DERXW� ��� N:� FROG� FDSDFLW\�ZDV� FRQVWUXFWHG�RQ�

ZKLFK� FRPSUHKHQVLYH� PHDVXUHPHQWV� ZHUH� FDUULHG�RXW�� 7KH� FRPSDULVRQ� RI� WKH� WKHRUHWLFDO� FDOFXODWLRQV�ZLWK�WKH�PHDVXUHPHQWV�UHFRUGHG�LV�LQ�ZRUN�
�� 352&(66�'(6&5,37,21�
7KH� GHVLJQ� RI� WKH� HMHFWRU� UHIULJHUDWLRQ� SODQW� FDQ� EH�VHHQ� LQ�)LJXUH� �� 7KH�PDLQ� FRPSRQHQWV� RI� WKH� SODQW�DUH�� (YDSRUDWRU� ��� (YDSRUDWRU� ��� 7ZR�SKDVH�WZR�FRPSRQHQW� HMHFWRU�� &RQGHQVHU�� 6WRUDJH� FRQWDLQHU��7KURWWOH� YDOYH� DQG� 3XPS�� $PPRQLD�ZDWHU� LV� WKH�ZRUNLQJ�PL[WXUH�XVHG��7KH�WKHUPRG\QDPLF�VWDWHV�DUH�LQGLFDWHG�ZLWK�QXPEHUV�
,Q� (YDSRUDWRU� ��� WKH� FROG� LV� DEVRUEHG� E\� WKH� WZR�SKDVH�IORZ��$V�D�UHVXOW��WKH�YDSRXU�FRQWHQW�LQFUHDVHV��7KLV� PL[� WKHQ� IORZV� LQWR� WKH� VXFWLRQ� VLGH� RI� WKH�HMHFWRU� DQG� LV� EURXJKW�� ZLWK� WKH� DLG� RI� WKH� SULPDU\�IORZ�� ZKLFK� LV� XQGHU� KLJK� SUHVVXUH� DQG� KLJK�WHPSHUDWXUH�� WR� D� KLJKHU� SUHVVXUH� �FRQGHQVHU�SUHVVXUH��� $W� WKH� H[LW� RI� WKH� HMHFWRU� WKHUH� LV� DOVR� D�WZR�SKDVH�IORZ�ZKLFK�LV�FRPSOHWHO\�FRQGHQVHG�LQ�WKH�FRQGHQVHU� E\� KHDW� HPLVVLRQ�� %HKLQG� WKH� FRQGHQVHU��WKH� OLTXLG� VWUHDP� LV� VHSDUDWHG� LQWR� WZR� IORZV�� 2QH�SDUW�XQGHUJRHV DQ�LQFUHDVH�LQ�SUHVVXUH�E\�PHDQV�RI�D�KLJK�SUHVVXUH�SXPS�DQG�WKHQ�HQWHUV�WKH�(YDSRUDWRU����+HUH�WKH�ORZ�WHPSHUDWXUH�KHDW��DW�DERXW����&��LV�IHG�LQ� VR� WKDW� DJDLQ�D� WZR�SKDVH� VWUHDP� LV� IRUPHG�ZKLFK�LV�VXSSOLHG�WR�WKH�HMHFWRU�DV�SULPDU\�VWUHDP��
7KH� RWKHU� SDUW� RI� WKH� OLTXLG� VWUHDP� EHKLQG� WKH�FRQGHQVHU� LV� H[SDQGHG� WR� D� ORZHU� SUHVVXUH� DQG�
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VXSSOLHG� WR� (YDSRUDWRU� �� WR� DEVRUE� WKH� FROG�� $IWHU�H[SDQVLRQ�� D� WZR�SKDVH� IORZ� LV� DOVR� IRUPHG�� 7KXV�WKHUH� DUH� WZR�SKDVH� IORZV� ERWK� DW� WKH� HQWU\� DQG� WKH�H[LW�RI� WKH�HYDSRUDWRU DV�ZHOO�DV�DW� WKH�HQWU\�DQG�WKH�H[LW�RI�WKH�HMHFWRU�
7KH�KHDW�UHTXLUHG�E\�(YDSRUDWRU���LV�SURYLGHG�E\�KRW�ZDWHU� ZKHUHE\� WKH� FRQGLWLRQV� RI� VLPSOH� IODW� VRODU�FROOHFWRUV� �PD[LPXP� KHDWLQJ� WHPSHUDWXUH� ���&�� DUH�VLPXODWHG�� 7KH� KHDW� �FROG� SHUIRUPDQFH�� QHHGHG� WRVXSSO\�(YDSRUDWRU� �� LV� SURYLGHG� E\� FROG�ZDWHU��7KH�FRROLQJ� RI� WKH� FRQGHQVHU� LV� HIIHFWHG� E\� PHDQV� RI�FRROLQJ�ZDWHU��7KH�VHWWLQJ�RI�WKH�WHPSHUDWXUH�DQG�WKH�SUHVVXUH�DW�WKH�HQWULHV�WR�WKH�HMHFWRU�LV�FDUULHG�RXW�E\�PHDQV�RI�FRQWURO�YDOYHV�7KH� LQYHVWLJDWLRQ�RI� WKH�SURFHVVHV� LQ� WKH�HMHFWRU�ZDV�WKH�PDLQ�LQWHUHVW�RI� WKLV�ZRUN��$�VSHFLDO�IRFXV�OD\�LQ�WKH� FDOFXODWLRQ� RI� WKH� VRXQG� YHORFLW\� RI� WKH� WZR�SKDVH�WZR�FRPSRQHQW� ZRUNLQJ� PL[WXUH� ZKLFK� ZDV�H[DPLQHG�LQ�FRPSUHKHQVLYH�WHVWV���� 0$7+(0$7,&$/�02'(/�)25�7+(�'(6&5,37,21�2)�7+(�352&(66(6�,1�7+(��(-(&725
)RU� WKH� GLPHQVLRQLQJ�� WKH� HMHFWRU� ZDV� GLYLGHG� LQWR�LQGLYLGXDO� VHFWLRQV� VXFK� DV� SULPDU\� QR]]OH�� VXFWLRQ�QR]]OH�� PL[LQJ� VHFWLRQ�� GLIIXVHU�� /DYDO� QR]]OH� DQG�FDOFXODWHG� ZLWK� WKH� DLG� RI� SUHVFULEHG� HPSLULFDO�HIILFLHQFLHV� DQG� HPSLULFDO� IORZ� HTXDWLRQV��.QRZOHGJH�RI�WKH�WZR�SKDVH�VRXQG�YHORFLW\�LV�KLJKO\�FULWLFDO� KHUH� VLQFH� LW� LV� JUHDWO\� UHOHYDQW� ZKHWKHU� WKH�IORZ� RFFXUV� DW� VXSHUVRQLF� RU� VXEVRQLF� YHORFLW\�� ,Q�RUGHU� WR� FDOFXODWH� WKH� QHFHVVDU\� PDVV� DQG� HQHUJ\�EDODQFHV� DQG� WKH� VWDWHV LQ� WKH� HMHFWRU�� D� FDOFXODWLRQ�SURJUDPPH� ZDV� GHYHORSHG� ZKLFK� HVWDEOLVKHV� WKH�SDUDPHWHUV� UHTXLUHG� ZLWK� WKH� UHOHYDQW� PDWHULDO� GDWD��,Q� RUGHU� WR� GHWHUPLQH� WKH� PDWHULDO� GDWD� LQ� WKH� WZR�SKDVH�VWDWH��WKH�$:0L[��>�@��SURJUDPPH�URXWLQH�ZDV�XVHG�� 7KH� FDOFXODWLRQ� SURFHGXUH� LV� GHVFULEHG� LQ� WKH�IROORZLQJ� VHFWLRQ�� )LJXUH� �� VKRZV� WKH� GHVLJQ� RI� WKH�HMHFWRU� ZLWK� WKH� UHOHYDQW� VWDWH� LQGLFDWRUV�� 7KH�IROORZLQJ�GDWD�ZHUH�DVVXPHG�DV�NQRZQ�

x FRPSRVLWLRQ�RI�WKH�PL[WXUH ��]x HYDSRUDWLRQ�WHPSHUDWXUH �7�
x HYDSRUDWLRQ�SUHVVXUH ��S�x KHDWLQJ�WHPSHUDWXUH ��7�x KHDWLQJ�SUHVVXUH� ��S�x FRQGHQVDWLRQ�WHPSHUDWXUH ��7�x FRQGHQVDWLRQ�SUHVVXUH� ��S�x &ROG�FDSDFLW\ �� �4�x HIILFLHQFLHV�RI�WKH�QR]]OH�SDUWV�¾ FRQYHUJHQW�SDUW�RI�WKH�GULYLQJ�QR]]OH� ��K7�NRQY¾ GLYHUJHQW�SDUW�RI WKH�GULYLQJ�QR]]OH ��K7�GLY

¾ VXFWLRQ�QR]]OH ��K6¾ PL[LQJ�VHFWLRQ ��K0¾ FRQYHUJHQW�SDUW�RI�WKH�/DYDO�QR]]OH ��K/�NRQY¾ GLYHUJHQW�SDUW�RI�WKH�/DYDO�QR]]OH ��K/�GLY
)LUVW� RI� DOO� WKH� VXFWLRQ� PDVV� IORZ� �P� LV� FDOFXODWHG�ZLWK�WKH�HQWKDOSLHV�RI�WKH�VWDWHV�RI�WKH�HYDSRUDWRU�DQG�WKH�FROG�SHUIRUPDQFH�

��
�� KK 4P � �� ���

7KHQ�WKH�UHYHUVLEOH�HQWKDOS\�DW�WKH�H[LW�RI�WKH�HMHFWRU�LV�GHWHUPLQHG�� � � ��UHY�����UHY��UHY�� PP�KPKPK ���� ���� ���
:LWK� WKLV� UHYHUVLEOH� HQWKDOS\� K��UHY�� WKH� H[LW� SUHVVXUH�S� RI� WKH� HMHFWRU� �FRUUHVSRQGLQJ� WR� WKH� FRQGHQVDWLRQ�SUHVVXUH� S��� DQG� WKH� FRPSRVLWLRQ� ]�� IXUWKHU�PDWHULDO�GDWD�RI�WKH�UHYHUVLEOH�VWDWH���FDQ�EH�HVWDEOLVKHG��:LWK�WKH�DLG�RI�WKH�UHYHUVLELOLW\�FRQGLWLRQ� � UHY���UHY�����UHY�� VPPVPVP �� ��� ���� ���
WKH� UHYHUVLEOH� SULPDU\�PDVV� IORZ� UHY��P� LV� H[DPLQHG��7KLV� IDFWRU� LV� FRQWLQXRXVO\� YDULHG� XQWLO� WKH�UHYHUVLELOLW\� FRQGLWLRQ� LV� IXOILOOHG�� 7KHQ� WKH� DFWXDO�SULPDU\�PDVV�IORZ�FDQ�EH�FDOFXODWHG�ZLWK�WKH�RYHUDOO�HIILFLHQF\�KJHV RI� WKH� HMHFWRU�� ZKLFK� LV� IRUPHG� IURP�LQGLYLGXDO� HPSLULFDO� HIILFLHQFLHV� RI� QR]]OH� VHFWLRQV��DQG�ZLWK�WKH�DLG�RI�WKH�HQHUJ\�EDODQFH�

�
��JHVUHY��UHY��

� K
KPKPP »¼º«¬ª ��¹̧·©̈§ � ��� K ���

ZLWK
GLY/�NRQY/�06GLY7�NRQY7�JHV ������� ����� ���

�UHY��UHY�� PPP ��� � ���
2Q� WKH� EDVLV� RI� WKH� SDUDPHWHUV� WKXV� REWDLQHG�� WKH�FDOFXODWLRQ� RI� WKH� DFWXDO� HQWKDOS\� DW� WKH� H[LW� RI� WKH�HMHFWRU�FDQ�QRZ�WDNH�SODFH�� �

�
����UHDO�� P KPKPK � �� ��� ���

ZLWK�� ��� PPP ��� � ���2QFH� WKH� PDVV� IORZV� RI� WKH� HMHFWRU� KDYH� EHHQ�HVWDEOLVKHG�� WKH� PDWHULDO� GDWD� IRU� WKH� LQGLYLGXDO�QR]]OH�VHFWLRQV�DUH�GHWHUPLQHG�VWHS�E\�VWHS�XVLQJ�WKH�PDWHULDO� GDWD� URXWLQHV�� :LWK� WKLV� PDWHULDO� GDWD�� WKH�YHORFLWLHV� DW� WKH� LQGLYLGXDO� VWDWHV� FDQ� EH� FDOFXODWHG�
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ZKLFK� DUH� QHFHVVDU\� IRU� WKH� GLPHQVLRQLQJ� RI� WKH�HMHFWRU�
��� &DOFXODWLRQ�RI�WKH�VXFWLRQ�QR]]OH
+LJK� GLIIHUHQFHV� LQ� YHORFLW\� FDXVH� KLJK� ORVVHV� XSRQ�LPSDFW�RI�WKH�SULPDU\�DQG�VXFWLRQ�IORZV�LQ�WKH�PL[LQJ�VHFWLRQ�� ,Q� RUGHU� WR� UHGXFH� WKHVH� LPSDFW� ORVVHV�� WKH�IORZ� YHORFLW\� RI� WKH� VXFWLRQ� IORZ�PXVW� EH� LQFUHDVHG�SULRU�WR�LPSDFW�>�@��7KH�SUHVVXUH�S��LV�DVVXPHG�IRU�WKH�H[LW� RI� WKH� VXFWLRQ� QR]]OH� �VWDWH� ���� 7KH� SUHVVXUH� LV�FRQWLQXRXVO\� YDULHG� XQWLO� DW� WKLV� VWDWH� WKH� YHORFLW\�RI�VRXQG��L�H��0D � QXPEHU  ���LV�UHDFKHG��
7KH�SURFHGXUH�LV�DV�IROORZV��)LUVW�RI�DOO�WKH�UHYHUVLEOH�HQWKDOS\� LV�GHWHUPLQHG�ZLWK� WKH� LVHQWURSLF�HQWURS\�V� � V��LVHQ�� WKH�SUHVVXUH�S� DQG� WKH�FRPSRVLWLRQ�]��7KHQ�WKH� DFWXDO� HQWKDOS\� DW� VWDWH� �� ZLWK� WKH� SUHVFULEHG�HIILFLHQF\�RI�WKH�VXFWLRQ�QR]]OH�LV�HVWDEOLVKHG�� �LVHQ���6�WDW�� KKKK ��� K ���
7KH DFWXDO�PDWHULDO�GDWD�RI�VWDWH���FDQ�EH�GHWHUPLQHG�ZLWK�WKH�DFWXDO�HQWKDOS\�K��UHDO��WKH�SUHVVXUH�S� DQG�WKH�FRPSRVLWLRQ�]��&DOFXODWLRQ�RI�WKH�YHORFLW\�DW�VWDWH���LV�FDUULHG�RXW�ZLWK� �� ���UHDO���� ZKK�Z ��� ����
7KH� DLP� RI� WKH� FDOFXODWLRQ� LV� WKDW� VRXQG� YHORFLW\�SUHYDLOV� DW� WKH� H[LW� RI� WKH� VXFWLRQ� QR]]OH�� 6RXQG�YHORFLW\� LV� FDOFXODWHG� IRU� D� KRPRJHQRXV� SKDVH�GLVWULEXWLRQ� ZLWKRXW� SKDVH� FKDQJH� DFFRUGLQJ� WR� DQ�HTXDWLRQ� GHVFULEHG� E\�'HLFKVHO DQG�:LQWHU� IRU� WZR�SKDVH�VRXQG�YHORFLW\�>�@��,Q�WKLV�PRGHO�HQYLVDJHV�WKDW�WKH� JDV� SKDVH� LV� UHJDUGHG� DV� IOXLG� ZLWK� HODVWLF�VXUURXQGLQJ� IRUPHG� WKURXJK� WKH� OLTXLG� SKDVH�� 7KH�VRXQG�YHORFLW\�RI�WKH�WZR�SKDVH�IORZ�WKHUHIRUH�UHVXOWV�IURP� WKH� RYHUODSSLQJ� RI� WKH� VRXQG� YHORFLWLHV� RI� WKH�LQGLYLGXDO�SKDVHV�
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7KH�FDOFXODWLRQ�RI�WKH�LQGLYLGXDO�VRXQG�YHORFLWLHV�IRU�OLTXLG� DQG� JDV� SKDVH� LV� PDGH� ZLWK� WKH� SURJUDPPH�ZKLFK� ZDV� GHYHORSHG�� ZKHUHE\� WHPSHUDWXUH�� GHQVLW\�DQG� WKH� FRPSRVLWLRQ� RI� WKH� SKDVHV� LQ� TXHVWLRQ� DUH�SUHVFULEHG�� 7KH� YDSRXU� FRQWHQW� ZDV� FRQYHUWHG� LQWR�YROXPH�IUDFWLRQ�DFFRUGLQJ�WR�>�@�
UHDO��

UHDO���'UHDO��� U UMH � � ����
7KH�0DFK�QXPEHU� LV� XVHG� WR� H[DPLQH�ZKHWKHU� WKHUH�LV�VRXQG�IORZ�DW�WKH�H[LW�RI�WKH�VXFWLRQ�QR]]OH�

�
�� FZ0D  � ����

7KH�LWHUDWLRQ�RI�WKH�SUHVVXUH�S� LV�FRQWLQXHG�XQWLO�WKH�FRQGLWLRQ�0D  ��LV�IXOILOOHG���
��� &DOFXODWLRQ�RI�GULYLQJ�QR]]OH
7KH� SURFHGXUH� IRU� FDOFXODWLQJ� WKH� QDUURZHVW� VHFWLRQ�RI� WKH� SULPDU\� QR]]OH� �VWDWH� ��� DQG� WKH� H[LW� RI� WKH�SULPDU\� QR]]OH� �VWDWH� ��� LV� FDUULHG� RXW� DFFRUGLQJ� WR�WKH�SURFHVV� IRU� FDOFXODWLQJ� WKH� VXFWLRQ�QR]]OH�� ,Q� WKH�SULPDU\� QR]]OH�� WKH� ZRUNLQJ� PHGLXP� LV� H[SDQGHG�IURP� KLJK� WHPSHUDWXUH� 7� DQG� KLJK� KHDWLQJ� SUHVVXUH�S�� WR� D� ORZ�HYDSRUDWLRQ�SUHVVXUH�S���'XH� WR� WKH�KLJK�SUHVVXUH� GURS� IURP� S�� WR� S��� WKH� YHORFLW\� RI� WKH�SULPDU\� QR]]OH� LQFUHDVHV� GUDPDWLFDOO\�� ,W� KDV� EHHQ�SURYHQ�WKDW�DQ�HMHFWRU�RSHUDWHV�WKH�PRVW�HFRQRPLFDOO\�ZKHQ� DQ� HYHQ� SUHVVXUH� SUHYDLOV� LQ� WKH� QR]]OH�PRXWK�>�@� 7KH�SUHVVXUH�DW� WKH�H[LW�RI� WKH�SULPDU\�QR]]OH�LV�WKHUHIRUH�VHW�DW�WKH�VDPH�YDOXH�DV�WKH�H[LW�SUHVVXUH�RI�WKH� VXFWLRQ� QR]]OH� S� S��� $W� WKLV� SUHVVXUH�� WKH� IORZ�UHDFKHV�D�VXSHUVRQLF�YHORFLW\�DW�VWDWH����$V�D�UHVXOW��D�SRZHUIXO�VXFWLRQ�HIIHFW�LV�SURGXFHG�ZKLFK�OHDGV�WR�DQ�XQGHU�SUHVVXUH� LQ� WKH� VXFWLRQ� QR]]OH�� 7KH� SULPDU\�QR]]OH� WHDUV� WKH� UHIULJHUDQW�RXW�RI� WKH� VXFWLRQ�QR]]OH�DQG� PL[HV� ZLWK� LW� LQ� WKH� PL[LQJ� VHFWLRQ�� ,Q� WKH�SULPDU\� QR]]OH�� SUHVVXUH� HQHUJ\�RI� WKH� SULPDU\� IORZ�LV�WKHUHIRUH�WUDQVIRUPHG�LQWR�NLQHWLF�HQHUJ\�
&DOFXODWLRQ� RI� WKH� SULPDU\� QR]]OH� LV� FDUULHG� RXW� LQ�WZR�VWDJHV��WKH�ILUVW�LV�IURP�WKH�HQWU\�WR�WKH�QDUURZHVW�VHFWLRQ�DQG� WKHQ�IURP�WKH�QDUURZHVW�SRLQW� WR� WKH�H[LW�RI� WKH� SULPDU\� QR]]OH�� 7R� FDOFXODWH� WKH� QDUURZHVW�VHFWLRQ�� WKH� UHYHUVLEOH� HQWKDOS\� LV� HVWDEOLVKHG�DVVXPLQJ�D�FHUWDLQ�SUHVVXUH�DQG� WKHQ� WKH�DFWXDO�VWDWH�LV� FDOFXODWHG�� 7KH� VRXQG� YHORFLW\� LV� WKHQ�GHWHUPLQHG�DQG� FRPSDUHG� ZLWK� WKH� UHTXLUHPHQW� 0D�  � ��� ,I� WKH�FRQGLWLRQ� LV� QRW� IXOILOOHG�� WKH� SUHVVXUH� DW� WKH�QDUURZHVW�SRLQW�LV�YDULHG�FRQWLQXRXVO\�XQWLO�0D� ���LV�UHDFKHG��2Q�WKH�EDVLV�RI�WKHVH�YDOXHV�± DVVXPLQJ�WKDW�WKH� SUHVVXUH� DW� WKH� H[LW� RI� WKH� SULPDU\� QR]]OH�FRUUHVSRQGV�WR�WKDW�DW�WKH�H[LW�RI�WKH�VXFWLRQ�QR]]OH�±WKH� VWDWH� DW� WKH� H[LW� RI� WKH� SULPDU\� QR]]OH� FDQ� EH�HVWDEOLVKHG�� 7KH� DOJRULWKP� GRHV� QRW� QHHG� WR� EH�SUHVHQWHG�KHUH��
��� &DOFXODWLRQ�RI�PL[LQJ�WXEH
)RU� WKH� FDOFXODWLRQ� RI� WKH� PL[LQJ� VHFWLRQ�� FRQVWDQW�SUHVVXUH� RYHU� WKH� OHQJWK� RI� WKH� PL[LQJ� VHFWLRQ� ZDV�DVVXPHG� � �S�  S�  S���� 7KH� HIIHFWV� RI� WKLV�DVVXPSWLRQ� DUH� GHVFULEHG� LQ� >�@�� :LWK� WKH� HQHUJ\�HTXDWLRQ�� ILUVW� RI� DOO� WKH� UHYHUVLEOH� HQWURS\� LV�FDOFXODWHG�� �

�
�UHDO���UHDO��UHY�� P PVPVV � �� ��� ����
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:LWK�WKH�UHYHUVLEOH�HQWURS\�V��UHY�� WKH�SUHVVXUH�S� DQG�WKH�FRPSRVLWLRQ�]��WKH�PDWHULDO�GDWD�IRU�WKH�UHYHUVLEOH�VWDWH� �� FDQ� EH� HVWDEOLVKHG�� :LWK� WKH� UHYHUVLEOH�HQWKDOS\�K��UHY� WKH�UHYHUVLEOH�YHORFLW\�Z��UHY�DW�WKH�H[LW�RI� WKH� PL[LQJ� VHFWLRQ� LV� FDOFXODWHG� YLD� WKH� HQHUJ\�HTXDWLRQ��
¸̧¹·¨̈©§ �¸̧¹·¨̈©§ ���¸̧¹·¨̈©§ ��� UHZ��

��UHDO���
���UHDO���

��UHZ�� K�ZKPP�ZKPP�Z ���� ����
9LD� WKH� GHILQLWLRQ� RI� WKH� PL[LQJ� VHFWLRQ� HIILFLHQF\�K0� WKH�DFWXDO�YHORFLW\�Z� DW�VWDWH���FDQ�EH�FDOFXODWHG�

� UHY��0�� Z�Z � � ����
&DOFXODWLRQ�RI�WKH�DFWXDO�HQWKDOS\�DW�6WDWH�� LV�FDUULHG�RXW�ZLWK�WKH�HQHUJ\�EDODQFH��

¸̧¹·¨̈©§ �¸̧¹·¨̈©§ ���¸̧¹·¨̈©§ �� �Z�ZKPP�ZKPPK ����UHDO���
���UHDO���

�UHDO�� ���� ����
:LWK� WKH� DFWXDO� HQWKDOS\� DW� WKH� H[LW� RI� WKH� PL[LQJ�VHFWLRQ�K��UHDO�� WKH� SUHVVXUH� S� DQG� WKH�FRPSRVLWLRQ�]��WKH� WKHUPRG\QDPLF� VWDWH� DW� WKH� HQG� RI� WKH� PL[LQJ�VHFWLRQ�LV�GHWHUPLQHG��7KH�VRXQG�YHORFLW\�LQ�WKLV�VWDWH�LV�FDOFXODWHG�LQ�H[DFWO\�WKH�VDPH�ZD\�DV�GHVFULEHG�LQ�WKH�SUHYLRXV�FKDSWHUV�
��� /DYDO�QR]]OH
7KH� HIILFLHQF\� RI� D� GLIIXVHU� LV� DOO� WKH� ORZHU� SRRUHU��WKH� JUHDWHU� WKH� GLIIHUHQFHV� LQ� YHORFLW\� RI� WKH� IORZ�XSRQ� HQWU\� LQWR� WKH� GLIIXVHU� >��� �@�� 7KHUHIRUH� LW� LV�LPSRUWDQW� WR� EDODQFH� RXW� WKH� GLIIHUHQFHV� LQ� YHORFLW\�EHWZHHQ�WKH�SULPDU\�IORZ�DQG�WKH�VXFWLRQ�IORZ�VR�WKDW�WKH�VXEVHTXHQW�ULVH� LQ�SUHVVXUH�LQ�WKH�GLIIXVHU�FDQ�EH�H[HFXWHG� ZLWK� D� KLJK� UDWH� RI� HIILFLHQF\�� 6LQFH� WKH�FDOFXODWLRQV�VKRZHG� WKDW�VXSHUVRQLF�YHORFLW\�SUHYDLOV�DW� WKH�HQG�RI� WKH�PL[LQJ�VHFWLRQ��D�/DYDO�QR]]OH�ZDV�XVHG�DIWHU�WKH�PL[LQJ�VHFWLRQ�LQ�SODFH�RI�WKH�GLIIXVHU��,W�VHUYHV�WR�VORZ�GRZQ�WKH�IORZ�WR�VRXQG�YHORFLW\�DQG�WKHQ�� OLNH� D� GLIIXVHU�� WR� EULQJ� WKH� PL[� ZLWK� DV� OLWWOH�ORVVHV� DV� SRVVLEOH� WR� D� KLJKHU� SUHVVXUH�� WKH�FRQGHQVDWLRQ�SUHVVXUH��7KH�VWDJHV�IRU�FDOFXODWLQJ�WKH�SDUDPHWHUV� RI� WKH� /DYDO� QR]]OH� FRUUHVSRQG� WR� WKRVH�IRU�FDOFXODWLQJ�WKH�SULPDU\�QR]]OH�
�� &$/&8/$7,21�5(68/76
3DUDPHWHU� YDULDWLRQV�ZHUH� FDUULHG� RXW� IRU� WKH� GHVLJQ�DQG�FDOFXODWLRQ�RI�WKH�HMHFWRU��:LWK�WKHVH�FDOFXODWLRQV�LW� ZDV� LPSRUWDQW� WR� GHVLJQ� WKH� WZR�SKDVH�WZR�FRPSRQHQW�HMHFWRU� LQ�VXFK�D�PDQQHU�WKDW�KLJK�&23��IDFWRU� DW� DFFHSWDEOH� PDVV� IORZ� UDWLRV� FRXOG� EH�REWDLQHG�� 7KH� &23� � IDFWRU�� DV� D� NH\� IHDWXUH� RI� WKH�HIILFLHQF\�RI� UHIULJHUDWLRQ�SODQWV��ZDV�FRQVLGHUHG� IRU�WKH�HYDOXDWLRQ��,Q�ILJXUHV���WR����WKH�FDOFXODWHG�&23��IDFWRUV� GHSHQGHQW� RQ� WKH� VXFWLRQ� YDSRXU� FRQWHQWV� DW�

YDULRXV� SULPDU\� YDSRXU� FRQWHQWV� DQG� GLIIHUHQW�FRPSRVLWLRQV�DUH�SUHVHQWHG�
$Q� HYDSRUDWLRQ� WHPSHUDWXUH� RI�-�  � �� �&�� D� KHDWLQJ�WHPSHUDWXUH� RI� -�  � ��� �&� DQG� D� FRQGHQVDWLRQ�WHPSHUDWXUH� RI� -�  � ��� �&� ZHUH� VHW� DV� IUDPHZRUN�SDUDPHWHUV�� 7KHVH� YDOXHV� FRUUHVSRQG� WR� WKH� SULPDU\�REMHFWLYH�RI�SURGXFLQJ�FROG�ZDWHU�ZLWK�D�WHPSHUDWXUH�RI� ��&�ZLWK� VRODU� KHDW� RI� ���&� DW� FRPPRQ� DPELHQW�WHPSHUDWXUHV� LQ�(XURSH�RI�DERXW����± ���&��+HDWLQJ�WHPSHUDWXUHV� DURXQG� ���&� FDQ� EH� DFKLHYHG�ZLWK� WKH�FRPPRQ�VRODU�FROOHFWRUV�DYDLODEOH�RQ�WKH�PDUNHW��
7KH� UHVXOWV� VKRZ� WKDW�� GHSHQGLQJ� RQ� WKH� SDUDPHWHUV�FKRVHQ� VXFK� DV� WKH� WHPSHUDWXUH� RI� WKH� FROG DQG� WKH�WHPSHUDWXUH�RI� WKH�FRQGHQVDWLRQ�� DQ�RSWLPXP�&23� �IDFWRU� HQVXHV� DW� VSHFLILF� YDSRXU� FRQWHQWV� RQ� WKH�SULPDU\� DQG� RQ� WKH� VXFWLRQ� VLGH�� 7KH� VFDOH� RI� WKH�RSWLPDO�YDSRXU�FRQWHQW�RQ�WKH�VXFWLRQ�VLGH�LV�EHWZHHQ������ ����PDVV�IUDFWLRQ��)XUWKHUPRUH�WKH�&23 � IDFWRU�ULVHV�DV�WKH�DPPRQLD�FRQFHQWUDWLRQ�LQFUHDVHV�
2Q� WKH� EDVLV� RI� WKH� FDOFXODWLRQ� UHVXOWV�� D� WHVW� SODQW�ZDV�EXLOW� LQ�ZKLFK�PHDVXULQJ�VHQVRUV�DUH�IRUHVHHQ�LQ�WKH� HMHFWRU� WR�PHDVXUH� WKH� FRXUVH� RI� WKH� WHPSHUDWXUH�DQG� WKH� SUHVVXUH�� 7KH� PHDVXULQJ� UHVXOWV ZLOO� EH�FRPSDUHG� WR� WKH� FDOFXODWLRQ� UHVXOWV�� LQ� RUGHU� WR�YDOLGDWH�WKH�PDWKHPDWLFDO�PRGHO�ODWHU�)URP� WKH� GLDJUDPV� LW� FDQ� EH� VHHQ� WKDW� WKH� SULPDU\�YDSRXU� FRQWHQW� UHJDUGLQJ� WKH� &23� � IDFWRU� LV�LQVLJQLILFDQW��7R�NHHS� WKH�PDVV� IORZ� UDWLRQ� �SULPDU\�VLGH� �� VXFWLRQ� VLGH�� LQ� DQ� DFFHSWDEOH� UDQJH�� WKHQ�YDSRXU� FRQWHQWV� RQ� WKH� SULPDU\� VLGH� VKRXOG� QRW� IDOO�EHORZ�����,QGLYLGXDO� HIILFLHQFLHV� IRU� QR]]OHV� DQG� QR]]OH�VHFWLRQV� ZHUH� VXIILFLHQWO\� LQYHVWLJDWHG� LQ� WKH�OLWHUDWXUH�� 7KH� FRPPRQ� YDOXHV�� ZKLFK� KDYH� EHHQ�HPSLULFDOO\� FRQILUPHG�� ZHUH� LQFOXGHG� LQ� WKHVH�FDOFXODWLRQV�� 2QO\� IRU� WKH� HIILFLHQF\� RI� WKH� PL[LQJ�VHFWLRQ� DUH� WKHUH� QR� SUHFLVH� LQGLFDWLRQV� LQ� OLWHUDWXUH��+RZHYHU�� IURP� NQRZQ� RU� PHDVXUHG� RYHUDOO�HIILFLHQFLHV��RQ�WKH�VFDOH�RI�����WR�������LW�LV�SRVVLEOH�WR�DUULYH�DW�D�PL[LQJ�VHFWLRQ�HIILFLHQF\�RI�WKH�HMHFWRU�GHVLJQHG� KHUH�� 2Q� WKH� EDVLV� RI� WKLV� DQG� XQGHU�FRQVLGHUDWLRQ� RI� WKH� DGYDQWDJHV� RI� WKH� WZR�SKDVH�IORZ�� D� PL[LQJ� VHFWLRQ� HIILFLHQF\� RI� K0  � ���� ZDV�VHOHFWHG� IURP� ZKLFK� UHVXOWV� DQ� RYHUDOO� HIILFLHQF\� RI�WKH�HMHFWRU�RI������
�� &21&/86,216
7KH�REMHFWLYH�RI�WKLV�ZRUN�OD\�LQ�WKH�LPSURYHPHQW�RI�WKH� HIILFLHQF\� RI� DQ� HMHFWRU� UHIULJHUDWLRQ� SODQW� E\�XVLQJ�WKH�WZR�SKDVH�WZR�FRPSRQHQW�ZRUNLQJ�PL[WXUH�RI� DPPRQLD�ZDWHU�� 7KH� WKHRUHWLFDO� FDOFXODWLRQV�VKRZHG� WKDW� SXUH� DPPRQLD� LV� EHWWHU� WKDQ� WKH�DPPRQLD�ZDWHU�PL[WXUH�ZLWK�UHJDUG�WR�LQFUHDVLQJ�WKH�HIILFLHQF\�� 7KH�PD[LPXP� VFDOH� RI� WKH� &23� � IDFWRU�ZKLFK� FDQ� EH� DFKLHYHG� LV� ���� ± ������ +RZHYHU��WKURXJK� WKH� WZR�SKDVH� VWDWH� RI� WKH�ZRUNLQJ�PHGLXP��
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D�VLJQLILFDQW�LPSURYHPHQW�RI�WKH�&23�� IDFWRU�FDQ�EH�DFKLHYHG�� FRPSDUHG� WR� RQH�SKDVH� HMHFWRUV�� 7KH�VXFWLRQ�YDSRXU�FRQWHQW�KDV�D�PDMRU�LQIOXHQFH�KHUH��$W�VXFWLRQ� YDSRXU� FRQWHQWV� RI� ���� ± ����� DQ� RSWLPXP�&23� � IDFWRU� LV� DFKLHYHG�� )XUWKHUPRUH� LW� EHFDPH�HYLGHQW�WKDW�WKH�SULPDU\�YDSRXU�FRQWHQW�KDV�DOPRVW�QR�LQIOXHQFH�RQ�WKH�&23�� IDFWRU�
�� /,7(5$785
>�@ 5��7LOOQHU�5RWK��*��5RWK��$:0L[��'\QDPLF�/LQN� /LEUDU\� IRU� WKH� (QJLQHHULQJ� (TXDWLRQ�6ROYHU� �((6��� &DOFXODWLRQ� RI� WKH� $PPRQLD�:DWHU�0L[WXUH������>�@ )O�JHO��*���%HUHFKQXQJ�YRQ�6WUDKODSSDUDWHQ��9',�)RUVFKXQJVKHIW� ����� 9',�9HUODJ��%HUOLQ������>�@ 'HLFKVHO�� 0��� :LQWHU�� (�� 5�� )���([SHULPHQWHOOH� XQG� DQDO\WLVFKH�8QWHUVXFKXQJ� DGLDEDWHU� NULWLVFKHU�:DVVHU�/XIW�=ZHLSKDVHQVWU|PXQJHQ� LQ�

5RKUHQ� NOHLQHU� 'XUFKPHVVHU���$EVFKOX�EHULFKW��78�0�QFKHQ�����>�@ 3UDQGWO�� /��� 2VZDWLWVFK� .���:LHJKDUGW�� .���)�KUHU� GXUFK� GLH� 6WU|PXQJVOHKUH�� )ULHGU��9LHZHJ� 	� 6RKQ� 9HUODJ��%UDXQVFKZHLJ�:LHVEDGHQ�����>�@ 9RJHO�� 5��� hEHU� GLH� $XVOHJXQJ� YRQ�6WUDKODSSDUDWHQ�0DVFKLQHQEDXWHFKQLN����-J���+HIW�����2NWREHU�����>�@ 6XQ�� '��:��� (DPHV�� ,�� :��� 5HFHQW�GHYHORSPHQWV� LQ� WKH� GHVLJQ� WKHRULHV� DQG�DSSOLFDWLRQV� RI� HMHFWRUV� ± D� UHYLHZ�� -RXUQDO�RI� WKH� ,QVW��RI�(QHUJ\������SS������ ����-XQL�����>�@ :H\GDQ]��:��� 'LH� 9RUJlQJH� LQ�6WUDKODSSDUDWHQ��%HLKHIW���]XU�=��JHV��.lOWH�,QG��5HLKH����9',�9HUODJ��%HUOLQ������>�@ =HUHQ�� )��� +ROPHV�� 5�� (��� -HQNLQV�� 3�� (���'HVLJQ�RI�D�IUHRQ�MHW�SXPS�IRU�XVH�LQ�D�VRODU�FRROLQJ�V\VWHP��$60(�3DSHU�1R�����± :$���62/��1HZ�<RUN�����
1RPHQFODWXUH
$ 6XUIDFH��P��F 6RQLF�VSHHG��P�V�G 'LDPHWHU��P�K 6SHFLILF�(QWKDOS\��N-�NJ�/ /HQJWK �P�0D 0DFK�QXPEHUP� 0DVV�IORZ��NJ�V�S 3UHVVXUH��EDU�4� &ROG�&DSDFLW\ �N:�V 6SHFLILF�(QWURS\ �N-�NJ�.�7 7HPSHUDWXUH �.�Z 9HORFLW\��P�V�] &RQWHQW����
*UHHN�OHWWHUVD $QJOH ���H 9ROXPH�IUDFWLRQK (IILFLHQF\- 7HPSHUDWXUH���&�M 9DSRXU�FRQWHQWP 0DVV�IORZ�UDWLRU 'HQVLW\ �NJ�P��

,QGLFHV' 9DSRXUGLY 'LYHUJHQW�) /LTXLGNRQY &RQYHUJHQW/ /DYDO�QR]]OH0 0L[LQJ�URRPUHY 5HYHUVLEOH6 6HFRQGDU\�QR]]OHUHDO UHDO7 3ULPDU\�QR]]OH� 6WDWH�DIWHU�SXPS� (QWU\�RI��SULPDU\�QR]]OH� 1DUURZHVW�GLDPHWHU�RI�GULYLQJ�QR]]OH� ([LW�RI�WKH�SULPDU\�QR]]OH� (QWUDQFH�WKH�VXFWLRQ�QR]]OH�� ([LW�RI�WKH�VXFWLRQ�QR]]OH� ([LW�RI�PL[LQJ��VHFWLRQ�µ 7KURDW�GLDPHWHU�RI�/DYDO�QR]]OH� ([LW�RI�/DYDO�QR]]OH� &RQGHQVRU�� ([LW�WKURWWOH�YDOYH
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)LJ�����6LPSOLILHG�SURFHVV�VFKHPH�RI�WKH�SURFHVV
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D�

)LJ�����6WUXFWXUH�RI�WKH��HMHFWRU��ZLWK�VWDWXV�GHVLJQDWLRQV
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� ��� ��� ��� ��� � ���6XFWLRQ�YDSRXU�FRQWHQW

&23�
9DOXH

3ULPDU\�YDRXU�FRQWHQW�� ����
3ULPDU\�YDRXU�FRQWHQW�� ����

)LJXUH���� &ROG�UDWLR��&23�IDFWRU���LQ�GHSHQGHQFH�RQ�WKH�VXFWLRQ�YDSRXU�FRQWHQ W� DW�YDULRXV� SULPDU\� YDSRXU� FRQWHQWV� IRU� D� FRPSRVLWLRQ� RI� ] � ���� DQG� DPL[LQJ�VHFWLRQ�HIILFLHQF\�RI� KK0  ���
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����
���
����
���

� ��� ��� ��� ��� � ���6XFWLRQ�YDSRXU�FRQWHQW

&23�
9DOXH

3ULPDU\�YDSRXU�FRQWHQW�� ����3ULPDU\�YDSRXU�FRQWHQW�� ����3ULPDU\�YDSRXU�FRQWHQW�� ����

)LJXUH���� &ROG�UDWLR��&23� � IDFWRU��LQ�GHSHQGHQFH�RQ�WKH�VXFWLRQ�YDSRXU�FRQWHQW�DW�YDULRXV� SULPDU\� YDSRXU� FRQWHQWV� IRU� D� FRPSRVLWLRQ� RI� ]  �� �� � DQG� D�PL[LQJ�VHFWLRQ��HIILFLHQF\�RI� KK0  �����
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)LJXUH���� &ROG�UDWLR��&23� � IDFWRU��LQ�GHSHQGHQFH�RQ�WKH�VXFWLRQ�YDSRXU�FRQWHQW�DW�YDULRXV� SULPDU\� YDSRXU� FRQWHQWV� IRU� D� FRPSRVLWLRQ� RI� ]  �� �� DQG� DPL[LQJ�VHFWLRQ��HIILFLH QF\�RI�KK0  �����
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� ��� ��� ��� ��� � ���6XFWLRQ�YDSRXU�FRQWHQW

&23
�9DOX

H

3ULPDU\�YDSRXU�FRQWHQW�� ����3ULPDU\�YDSRXU�FRQWHQW�� ����3ULPDU\�YDSRXU�FRQWHQW�� ����3ULPDU\�YDSRXU�FRQWHQW�� ����
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