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$EVWUDFW,Q� WKLV� ZRUN� FRPSXWDWLRQDO� IOXLG� G\QDPLFV� RI� WKH� IORZ� EHKDYLRU� LQ� D� FROG� IORZ� RI�IOXLGL]HG� EHG� LV� VWXGLHG�� $Q� LPSURYHG� ILQLWH� YROXPH� EDVHG� ILQLWH� HOHPHQW PHWKRG� KDV�EHHQ� LQWURGXFHG� WR� VROYH� WKH� WZR�SKDVH� JDV�VROLG� IORZ� K\GURG\QDPLF� HTXDWLRQV�� 7KLV�PHWKRG�XVHV�D�FROORFDWHG�JULG��ZKHUH�DOO�YDULDEOHV�DUH�ORFDWHG�DW�WKH�QRGDO�SRLQWV��7KH�IOXLG�G\QDPLF�PRGHO�IRU�JDV�VROLG�WZR�SKDVH�IORZ�LV�EDVHG�RQ�WKH�WZR�IOXLG�PRGHO�ZKHUH�ERWK�SKDVHV�DUH�FRQWLQXHV�DQG�IXOO\�LQWHUSHQHWUDWLQJ��)RU�WKH�JDV�DQG�VROLG�SKDVHV�WKH�1DYLHU�6WRNHV�HTXDWLRQ�EDVHG�RQ� WKH�FRQFHSW�RI� ORFDO�DYHUDJH�LV�REWDLQHG��5HVXOWV�DUH�YHULILHG�DJDLQVW�H[SHULPHQWDO�GDWD�UHSRUWHG�LQ�WKH�OLWHUDWXUH�.H\ZRUGV� )OXLGL]HG�EHG��FRQWURO�YROXPH��ILQLWH�HOHPHQW��JDV�VROLG��WZR�SKDVH�IORZ


 � 7R�ZKRP�FRUUHVSRQGHQFH�VKRXOG�EH�DGGUHVVHG��(PDLO�$GGUHVV� P�PRUDYHML#DUDNX�DF�LU

,QWURGXFWLRQ7KH� VXEMHFW� RI� JDV�VROLG� IORZV� KDV� EHHQ�VWXGLHG�TXLWH�H[WHQVLYHO\�IRU�VHYHUDO�GHFDGHV��PDLQO\� EHFDXVH� RI� LWV� LPSRUWDQW� DSSOLFDWLRQV�LQ�FKHPLFDO�DQG�SHWUROHXP�LQGXVWULHV�VXFK�DV�SQHXPDWLF� WUDQVSRUW�� FDWDO\WLF� FUDFNLQJ�� DQG�FRDO�FRPEXVWRUV��*DV�6ROLG�IORZ�V\VWHPV�DUH�DQ�HVVHQWLDO�SDUW�RI�PDQ\�FKHPLFDO�SURFHVVHV�DQG�DQ�XQGHUVWDQGLQJ�RI�WKH�EHKDYLRU�RI�VXFK�IORZ� V\VWHPV� FDQ� VLJQLILFDQWO\� HQKDQFH� WKH�GHVLJQ�RI�VXFK�SURFHVVHV�$� JDV� IOXLGL]HG� EHG� LV� REVHUYHG�ZKHQ� D� JDV�FRQWLQXRXVO\�IORZV�WKURXJK�D�EHG�RI�SDUWLFOHV�DW� DQ� DSSURSULDWH� IORZ� UDWH�� 7KH� SDUWLFOHV�ZKLFK�DUH�LQLWLDOO\�DW�UHVW��GULYHQ�E\�WKH�IOXLG�GUDJ� IRUFH� DQG� WKH� LQWHU�SDUWLFOH� IRUFHV� IURP�QHLJKERULQJ� SDUWLFOHV�� VWDUW� WR� PRYH� DQG�H[KLELW�FRPSOH[�DQG�LQWULJXLQJ�IORZ�SDWWHUQV��

ZKLFK� LQ� WXUQ� JUHDWO\� DIIHFW� WKH� IORZ� RI� WKH�IOXLGL]HG� JDV� >�@�� *DV�VROLG� IOXLGL]HG� EHG�K\GURG\QDPLF� EHKDYLRU� LV� FRPSOH[� DQG� QRW�\HW� IXOO\� XQGHUVWRRG��(VSHFLDOO\� WKH� VFDOH�XS�IURP� ODERUDWRU\ WR� LQGXVWULDO� VFDOH� LV� D�SUREOHP�� (TXDWLRQV� GHVFULELQJ� WKH� EXEEOH�EHKDYLRU� LQ� JDV�VROLG� IOXLGL]HG� EHGV� DUH��VHPL��HPSLULFDO�DQG�RIWHQ�GHWHUPLQHG�XQGHU�ODERUDWRU\�FRQGLWLRQV��)RU�WKDW�UHDVRQ�WKHUH�LV�QR� XQLTXH� WKHRU\� GHVFULELQJ� WKH� EHKDYLRU� RI�EXEEOHV�LQ�IOXLGL]HG�EHGV�,Q� WKH� VR�FDOOHG� ³WZR� IOXLG� PRGHO¶¶� ERWK�SKDVHV� DUH� FRQVLGHUHG� WR� EH� FRQWLQXRXV� DQG�IXOO\� LQWHUSHQHWUDWLQJ�� %RWK� SKDVHV� DUH�GHVFULEHG� LQ� WHUPV� RI� VHSDUDWH� FRQVHUYDWLRQ�HTXDWLRQV� ZLWK� DSSURSULDWH� LQWHUDFWLRQ� WHUPV�UHSUHVHQWLQJ� WKH� FRXSOLQJ� EHWZHHQ� WKH�SKDVHV�� $OO� WKH� SDUWLFOHV� DUH� DVVXPHG� WR� EH�
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LGHQWLFDO�� FKDUDFWHUL]HG� E\� D� GHQVLW\�� IRUP�IDFWRU� DQG� D� FRHIILFLHQW� RI� UHVWLWXWLRQ�� 7KH�PRWLRQ� RI� D� V\VWHP� RI� VROLG� SDUWLFOHV� VXV�SHQGHG� LQ� D� 1HZWRQLDQ� IOXLG� FDQ� EH� FRP�SOHWHO\�GHVFULEHG�E\�WKH�1DYLHU�6WRNHV�HTXD�WLRQV�� 6SHFLILFDWLRQ� RI� WKH� SURSHU� LQLWLDO� DQG�ERXQGDU\�FRQGLWLRQV�ZRXOG�HQDEOH� WKH�GHWHU�PLQDWLRQ� RI� WKH� K\GURG\QDPLFV� RI� WKH� IOXL�GL]HG�EHGV�,Q�UHFHQW�\HDUV�FRPSXWDWLRQDO�IOXLG�G\QDPLFV��&)'��LQ�PXOWLSKDVH�IORZ�KDV�EHFRPH�D�ZHOO�DFFHSWHG� DQG XVHIXO� WRRO� LQ� PRGHOLQJ� JDV�VROLG� IORZ� V\VWHPV� DQG� PXFK� SURJUHVV� KDV�EHHQ�PDGH�LQ�GHYHORSLQJ�FRPSXWHU�FRGHV�IRU�GHVFULELQJ� WKH� IOXLGL]HG� EHGV�� $OWKRXJK� WKH�WRROV�IRU�DSSO\LQJ�VLQJOH�SKDVH IORZV�LQ�&)'�DUH� ZLGHO\� DYDLODEOH�� DSSOLFDWLRQ� RI� PXOWL�SKDVH &)'�LV�KRZHYHU�VWLOO�FRPSOLFDWHG�IURP�ERWK� WKH�SK\VLFDO�DQG� WKH�QXPHULFDO�SRLQW�RI�YLHZ��0RUHRYHU�� WKH�UHVHDUFK�HIIRUWV�RI�PRVW�JURXSV�LQ�WKLV�ILHOG�DUH�DLPHG�DW�WKH�GHYHORS�PHQW� RI� VWLOO�PRUH� GHWDLOHG�&)'�PRGHOV� IRU�WKH� WZR�SKDVH� IORZ�� 0RVW� RI� WKH� GHYHORSHG�PRGHOV� DUH� EDVHG� RQ� D� WZR � SKDVH� IORZ�GHVFULSWLRQ�� RQH�JDV�DQG�RQH�VROLG�SKDVH��,Q�WKH� GLVFUHWH� VROXWLRQ� RI� WKH� FRQYHFWLRQ� DQG�WKH�GLIIXVLRQ�SUREOHPV��FRQWURO�YROXPH�EDVHG�ILQLWH� HOHPHQW� PHWKRGV� DUH� SRSXODU�� 2QH�UHDVRQ� IRU� WKLV� LV� WKDW� WKH�PHWKRGV� FRPELQHWKH� LQWULQVLF� JHRPHWULF� IOH[LELOLW\� RI� ILQLWH�HOHPHQW� PHWKRGV� ZLWK� WKH� GHVLUDEOH�� GLUHFW�SK\VLFDO� LQYRFDWLRQ� RI� D� FRQVHUYDWLRQ� SULQ�FLSOH� WR� FOHDUO\� LGHQWLI\� DQG� GHOLQHDWH� WKH�FRQWURO�YROXPH�FRPSULVLQJ�WKH�GRPDLQ�+HUH� ZH� KDYH� GHYHORSHG� D� QHZ� IRUPXODWLRQ�RI� WKH� FRQWURO� YROXPH� EDVHG� ILQLWH� HOHPHQW��&9%)(��PHWKRG� WKDW�KDV�XVHG� WKH�PRPHQ�WXP� HTXDWLRQ� LPSOLFLWO\�� ,Q� WKLV� VWXG\�� LP�SURYHG�&9%)(�KDV�EHHQ�DSSOLHG�WR�VWXG\�WKH�EHG� K\GURG\QDPLF� EHKDYLRU� LQ� D� WZR�GLPH�QVLRQDO� &DUWHVLDQ� FROG� IORZ� LQ� WKH� ULVHU�VHFWLRQ RI�D�IOXLGL]HG�EHG�UHDFWRU�
*DV�6ROLG�7ZR�3KDVH�)ORZ�0RGHO7KH� ILUVW� VWHS� LQ� WKH� IXQGDPHQWDO� XQGHUV�WDQGLQJ�RI�IOXLGL]DWLRQ�LV�XVXDOO\�DWWULEXWHG�WR�'DYLGVRQ� >�@� IRU� KLV� DQDO\VLV� RI� D� VLQJOH�EXEEOH� PRWLRQ� LQ� DQ� LQILQLWH� IOXLG� EHG�� 7KH�'DYLGVRQ�PRGHO� KDV� EHHQ� IXUWKHU� GHYHORSHG�

E\�RWKHUV�6LQFH�WKHUH�DUH�D�YDULHW\�RI�VXFK�PRGHOV�LW�LV�FRQYHQLHQW� WR� FDWDORJ� WKHP� DV� FODVVLFDO�PRGHOV� >��� ��� DQG� �@�� GLPHQVLRQDO� DQDO\VLV��VFDOLQJ�� >�������@�DQG�K\GURG\QDPLF�PRGHOV�>��������@��'LPHQVLRQDO�PRGHOV�ZHUH�XVHG�WR�FRUUHODWH� DQG� VFDOH� K\GURG\QDPLF� SKHQR�PHQD� LQ� IOXLGL]DWLRQ�� +\GURG\QDPLF� PRGHOV�DUH�XVHG�WR�SUHGLFW� WKH�K\GURG\QDPLFV�RI�WKH�IOXLGL]HG� EHG�� 1XPHULFDO� VFKHPHV� EDVHG� RQ�PDWKHPDWLFDO�PRGHOV�RI�VHSDUDWHG�SDUWLFXODWH�PXOWLSKDVH� IORZ� KDYH� XVHG� WKH� FRQWLQXXP�DSSURDFK� IRU� DOO� WKH� SKDVHV� RU� D� FRQWLQXXP�DSSURDFK�IRU�WKH�IOXLG�SKDVH�DQG�D�ODJUDQJLDQ�DSSURDFK�IRU�WKH�SDUWLFOH�&RQWLQXXP�FRQWLQXXP��RU�(XOHULDQ�(XOHULDQ��DSSURDFK� FRQVLGHUV� WKH� SDUWLFXODWH� SKDVH� WR�EH� D� FRQWLQXRXV� IOXLG� LQWHUSHQHWUDWLQJ� DQG�LQWHUDFWLQJ�ZLWK�WKH�IOXLG�SKDVH�>��@�)URP� D� PDFURVFRSLF� YLHZSRLQW� WKH� VROLG�SKDVH� LQ� D� JDV�VROLG� IOXLGL]DWLRQ� V\VWHP�EHKDYHV� OLNH� D� NLQG� RI� IOXLG�� WKXV� PRVW�QXPHULFDO� VLPXODWLRQV� RI� IOXLGL]HG� EHGV�DVVXPH� WKDW� WKH� VROLG� SKDVH� LV� D� FRQWLQXXP��)RU� WKLV� UHDVRQ��PRVW�PRGHOV� UHSRUWHG� LQ� WKH�OLWHUDWXUH� DUH� EDVHG� RQ� D� WZR�IOXLG� PRGHO��7)0��� ,Q� WKH� 7)0�� ERWK� SKDVHV� DUH� FRQ�VLGHUHG� WR� EH� FRQWLQXRXV� DQG� IXOO\� LQWHU�SHQHWUDWLQJ��$QGHUVRQ� DQG� -DFNVRQ� >��@� DQG�3ULWFKHWW� >��@� ILUVW� SURSRVHG� WKH� 7)0�� 7KH�SURSRVHG� PRGHOV� KDYH� ]HUR� JDV� DQG VROLG�YLVFRVLWLHV�� 7KHVH� PRGHOV� VXFFHVVIXOO\� SUH�GLFW�SK\VLFDO�EHKDYLRU�GRPLQDWHG�E\�WKH�GUDJ�EHWZHHQ� WKH� VROLG� SKDVH� DQG� WKH� JDV� SKDVH��OLNH� WKH� IRUPDWLRQ� RI� EXEEOHV� DW� D� VLQJOH�RULILFH��*LGDVSRZ�>��@�UHYLHZHG�WKUHH�K\GUR�G\QDPLF� PRGHOV� RI� IOXLGL]DWLRQ� DQG� KDV�VKRZQ� WKDW� WKHVH�PRGHOV��ZLWK� ]HUR� JDV� DQG�VROLG� YLVFRVLW\�� ZHUH� DEOH� WR� SUHGLFW� D� JUHDW�GHDO� RI� WKH� EHKDYLRU� RI� EXEEOLQJ� EHGV��EHFDXVH� WKH� GRPLQDQW� PHFKDQLVP� RI� HQHUJ\�GLVVLSDWLRQ� LV� WKH� GUDJ� EHWZHHQ� WKH� SDUWLFOHV�DQG�WKH�IOXLG��7R�RYHUFRPH�WKH�GHILFLHQF\�RI�WKHVH� LQYLVFLG� PRGHOV�� IRU� LQVWDQFH�� SUHGLFW�WLRQ� RI� WKH� IRUFH� RQ� WXEHV�� D� VROLG� YLVFRVLW\�ZDV�DGGHG�WR� WKH�PRGHO�>��@��7KH�GHULYDWLRQ�RI� WKH� FRQWLQXXP� HTXDWLRQV� LV� XVXDOO\� EDVHG�RQ� WKH� VFDOH� RI� SDUWLFOH� VL]H� WKDW� ZHUH�
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UHSODFHG� E\� ORFDO� DYHUDJHG YDULDEOH� ZKLFK�GHVFULEH� WKH� PDFURVFRSLF� V\VWHP� RI� LQWHUHVW�>������@�7KHUH�LV�H[WHQVLYH�OLWHUDWXUH�GHDOLQJ�ZLWK�WKH�GHULYDWLRQ� RI� FRQWLQXXP� HTXDWLRQV� IRU�PXOWLSKDVH� V\VWHPV� DQG� D� QXPEHU� RI� FRQ�WLQXXP�PRGHOV�KDYH EHHQ�SURSRVHG >������@��3ULWFKHWW� >��@�� XVLQJ� DQ� LPSOLFLW� ILQLWH�GLIIHUHQFH� SURFHGXUH��ZDV� WKH� ILUVW� WR� REWDLQ�WKH� QXPHULFDO� VROXWLRQV� RI� WKH� IXOO� QRQOLQHDU�FRQWLQXXP� HTXDWLRQV�� *LGDVSRZ� >��@� SUR�SRVHG�D�QXPHULFDO�PRGHO�RI�D�IOXLGL]HG�EHG�LQ�ZKLFK�D�QXPHULFDO�VROXWLRQ�WR�WKH�FRQ�WLQXXPHTXDWLRQV� ZDV GHYHORSHG� IRU� WKH DQDO\VLV

&RQWLQXLW\�(TXDWLRQ*DV�SKDVH�FRQWLQXLW\�� � � � ��W  ��ww XJJ HUHU ���
6ROLG�SKDVH�FRQWLQXLW\�� �> @ � �> @ ����  ���w�w YVVW UHUH ���
*DV�SKDVH�PRPHQWXP�� � � � � � � � JYXXXX JJJJ S HUHEHHUHU ������� ��ww WW��W ���6ROLG�SKDVH�PRPHQWXP�� �> @ � �> @ � � � � � �> @ � � JYXYYY VVVVV SSW UHHEHUHUH ������������ ���w�w ������� WW ���RI� EHG� K\GURG\QDPLFV�� %RWK� SKDVHV� ZHUH�GHVFULEHG� LQ� WHUPV� RI� VHSDUDWHG� FRQ�YHUVLRQ�HTXDWLRQV� �1DYLHU�6WRNHV� W\SH� ZLWK DS�SURSULDWH� LQWHUDFWLRQ� WHUPV� UHSUHVHQW�WLQJ WKH�FRXSOLQJ� EHWZHHQ� WKH� WZR� SKDVHV�� 9LVFRXV�LQWHUDFWLRQ� IRUFHV� IRU� ERWK� SKDVHV� ZHUH�QHJOHFWHG� LQ� WKHLU� FRGH�� .XLSSHUV� >��@�SURSRVHG� DQ� LPSURYHPHQW� WR� WKH� DERYH�PRGHOV��7KLV�PRGHO�GLIIHUV�IURP�WKH�SUHYLRXV�ZRUN�� LQ� WKH� LQFRUSRUDWLRQ� RI� D� 1HZWRQLDQ�UKHRORJLFDO�PRGHO�LQ�WKH�JDV�DQG�VROLG�SKDVHV�DQG� DUULYHV� DW� DQ� H[FHOOHQW� DJUHHPHQW� ZLWK�GLUHFW�H[SHULPHQWDO�UHVXOWV�

*RYHUQLQJ�(TXDWLRQV,Q� WKH� 7)0� WZR� VHWV� RI� FRQVHUYDWLRQV� DUH�IRUPXODWHG�� JRYHUQLQJ� WKH� EDODQFH RI PDVV��PRPHQWXP� DQG WKHUPDO HQHUJ\� LQ� HDFK�SKDVH��6LQFH�WKH�DYHUDJHG ILHOGV RI�RQH SKDVH�DUH�GHSHQGHQW�RQ�WKH�RWKHU�SKDVH��LQWHUDFWLRQ�WHUPV�DSSHDU�LQ�WKH EDODQFH�HTXDWLRQV��7KHVH�WHUPV� UHSUHVHQW� WKH� PRPHQWXP� DQG� HQHUJ\�WUDQVIHU� EHWZHHQ� WKH� SKDVHV�� )RU� FROG� IORZ�WKH�WKHUPDO�HQHUJ\�HTXDWLRQ�LV�QHJOHFWHG�DQG�WKXV�ZH�KDYH�

:KHUH� H LV� WKH� YROXPH� IUDFWLRQ� RI� HDFK�SKDVH�� X� Y DUH� IOXLG� SKDVH� DQG� VROLG� SKDVH�YHORFLW\�YHFWRUV�UHVSHFWLYHO\� U LV�WKH�GHQVLW\��WW LV�WKH�YLVFRXV�VWUHVV�WHQVRU��J LV�WKH�JUDYLW\�DFFHOHUDWLRQ�� S� LV� WKH� SUHVVXUH�� E LV� WKH�LQWHUSKDVH�PRPHQWXP�WUDQVIHU�FRHIILFLHQW��3V�LV� WKH� VROLGV� SUHVVXUH�� 7KH� FRQVHUYDWLRQ�HTXDWLRQV� LQ� D� WZR� GLPHQVLRQDO� UHFWDQJXODU�FRRUGLQDWH� IRU� WKH� WUDQVSRUW� RI� D� SURSHUW\� IFDQ�EH�ZULWWHQ�LQ�D�JHQHUDO�IRUP�>��@�� � � � � � »¼º«¬ª  �*����ww II IHIHUIHU 6W LLLLLL �� 9
���&RQVWLWXWLYH�(TXDWLRQV,Q� RUGHU� WR� VROYH� WKH� JDV�VROLG� FRQVHUYDWLRQ��WKH� FRQVWLWXWLYH� HTXDWLRQV� IRU� JDV�VROLG�GHQVLW\�� LQWHUSKDVH� PRPHQWXP� WUDQVIHU�FRHIILFLHQW��YLVFRXV�VWUHVV�WHQVRU�DUH�UHTXLUHG�7KH�JDV�IORZ�LV�FROG�DQG�WKH�IOXLG�GHQVLW\ JULV�UHODWHG�WR�WKH�SUHVVXUH�E\�WKH�LGHDO�JDV�ODZ��7KH�RWKHU�SURSHUWLHV�RI�WKH�JDV�SKDVH�DQG�WKH�SDUWLFOH�GHQVLW\ VU DUH�VHW�DV�D�FRQVWDQW�YDOXH�
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:KHUH� (� LV� WKH� .URQHFNHU� GHOWD�� OJ DQG� OVGHQRWH� WKH�EXON�YLVFRVLWLHV��PJ DQG�PV GHQRWH�WKH� VKHDU�YLVFRVLWLHV�RI� WKH�JDV�DQG� WKH�VROLG�SKDVHV�UHVSHFWLYHO\�>��@�7KH� VROLG� SKDVH� SUHVVXUH� RU� SDUWLFOH�WR�SDUWLFOH� LQWHUDFWLRQ� IRUFH� � �V3� LV� DGGHG� WR�

WKH�PRPHQWXP�HTXDWLRQ� WR�PDNH� WKH� V\VWHP�QXPHULFDOO\� VWDEOH� >��@�DQG�� WKXV�� WR�SUHYHQW�WKH� SDUWLFOH� YRLG� IUDFWLRQ� IURP� UHDFKLQJ� ORZ�YDOXHV�>������@�3V GHSHQGV RQO\� RQ� WKH� SRURVLW\�� 7KH� VROLG�SKDVH�HODVWLF�PRGXOXV�*��H��GHILQHG�E\�
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HH GGS* V �� ����
%\�DSSO\LQJ�WKH�FKDLQ�UXOH�WKH�JUDGLHQW�RI�WKH�VROLG� SKDVH� SUHVVXUH� FDQ� EH� ZULWWHQ� DV� >������@� � � HH � � *3V ����
*LGDVSRZ�DQG�(WWHKDGLHK�>��@�DQG�'LQJ�>��@�SURSRVHG� DQ� H[SUHVVLRQ� IRU� WKH� VROLG� HODVWLF�PRGXOXV�� � ��������� ��� FPG\QHGG3* V �  HHH ����1XPHULFDO�0HWKRG7KH� VHW� RI� FRQVHUYDWLRQ� HTXDWLRQV�� VXS�SOHPHQWHG� E\� WKH� FRQVWLWXWLYH� HTXDWLRQV� DQG�WKH�LQLWLDO�DQG�ERXQGDU\�FRQGLWLRQV��FDQQRW�EH�VROYHG�DQDO\WLFDOO\�DQG�WKHUHIRUH�D�QXPH�ULFDOPHWKRG PXVW EH� XVHG�� 7KH�QXPHULFDO
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PHWKRG�XVHG�LQ�WKH�SUHVHQW�LQYHVWLJDWLRQ�LV�DQ�LPSURYHG� ILQLWH� YROXPH�EDVHG� ILQLWH�HOHPHQW�PHWKRG� >��@�� 7KLV�PHWKRG� XVHV� D� FROORFDWHG�JULG�� LQ�ZKLFK�DOO�YDULDEOHV�DUH�ORFDWHG�DW�WKH�QRGDO� SRLQWV�� 7R� SUHYHQW� SUHVVXUH� FKHFNHU�ERDUG�� WKH� REMHFWLYH� RI� WKLV� PHWKRG� LV� WR�FRXSOH� EHWZHHQ� YHORFLW\� DQG� SUHVVXUH� RU�SRURVLW\� LQ� WKH� FRQWLQXLW\� HTXDWLRQ�� )RU� WKLV�UHDVRQ�ZH�XVH�WZR�W\SHV�RI�YHORFLW\��FRQYHF�WLQJ� YHORFLW\� DQG� FRQYHFWHG� YHORFLW\� ������5KLH� DQG�&KRZ� >��@�ZHUH� WKH� ILUVW� WR� XVH� D�FROORFDWHG� YDULDEOH� DUUDQJHPHQW� LQ� WKH�FRQWURO�YROXPH�EDVHG�ILQLWH�HOHPHQW�PHWKRG��6FKQHLGHU� DQG� 5DZ� >���� ��@� LQWURGXFHG� WKH�FRQFHSW� RI� LQWHJUDWLRQ�SRLQW�HTXDWLRQV� LQ� WKH�LQFRPSUHVVLEOH�IORZV�WR�LQFOXGH�WKH�HIIHFWV�RI�WKH�IOXLG�IORZ�SK\VLFV�RQ�WKH�LQWHJUDWLRQ�SRLQW�YDULDEOH��WKXV�LPSURYLQJ�WKH�DFFXUDF\�
*HRPHWULF�3UHOLPLQDULHV$�W\SLFDO�HOHPHQW�LV�VKRZQ�LQ�)LJXUH �D�ZLWK�D� ORFDO� QRQ�RUWKRJRQDO� �V�� W�� FRRUGLQDWH�V\VWHP� LQFOXGHG�� 7KH� VXE�FRQWURO�YROXPH��6&9��ERXQGDULHV�DUH�GHILQHG�E\�WKH�HOHPHQW�H[WHUQDO� VXUIDFHV� DQG� OLQHV� FRUUHVSRQGLQJ� WR�WKH�ORFDO�FRRUGLQDWH�YDOXHV�RI�V ��DQG�RI�W ���7KH�IRXU�6&9�VXUURXQGLQJ�WKH�QRGH�WKHQ�ZLOO�IRUP�D�FRQWURO�YROXPH�DV�VKRZQ�LQ�)LJXUH �E�7KH�ELOLQHDU�LQWHUSRODWLRQ�DSSOLHG�WR�GHVFULEH�WKH�GLVWULEXWLRQ�RI�YDULDEOHV�LQ�WKH�HOHPHQW�LV�
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,Q� WKH� FRQWURO� YROXPH� EDVHG� ILQLWH� HOHPHQW�PHWKRG� �&9%)(�� IRU� WKH� FRQVHUYDWLRQ�EDODQFH� RI� D� FRQVHUYHG�TXDQWLW\��ZH�KDYH� WR�HYDOXDWH� VRPH� VXUIDFH� DQG� YROXPH� LQWHJUDOV�RQ� WKH� FRQWURO� YROXPH�� )RU� WKLV�� JRYHUQLQJ�HTXDWLRQV� DUH� GLVFUHWL]HG� RQ� DQ� HOHPHQW� E\�LQWHJUDWLRQ� RQ� WKH� IRXU� 6&9¶V� DQG� IRUP� WKH�HOHPHQW�PDWUL[��7KHQ�GLVFUHWL]HG�HTXDWLRQ�IRU�HDFK� XQNQRZQ� RQ� HDFK� QRGH� ZLOO� IRUP� RQ�HOHPHQW� E\� HOHPHQW� DVVHPEO\� SURFHVV�� )RU�VXUIDFH� LQWHJUDWLRQ� WKH� DUJXPHQW� RI� LQWHJUDO�ZLOO�EH�UHTXLUHG�DW�WKH�PLGSRLQW�RI�WKH�6&9¶V�OLQH�VHJPHQWV� 7KHVH�SRLQWV ZLOO EH GHQRWHG

E\ LQWHJUDWLRQ�SRLQWV��LS��
'LVFUHWL]DWLRQ,Q� DQ� LQFRPSUHVVLEOH� IORZ�� GHQVLW\� LV�LQGHSHQGHQW� RI� WHPSHUDWXUH� DQG� WKXV� WKH�FRQWLQXLW\� HTXDWLRQ� DQG� PRPHQWXP� HTXD�WLRQV�DUH�GHFRXSOHG�IURP�WKH�HQHUJ\�HTXDWLRQ��WKXV�ZH�FDQ�VROYH�FRQWLQXLW\�DQG�PRPHQWXP�HTXDWLRQV�LQGLYLGXDOO\�,Q�&9%)(�PHWKRG� DW� ILUVW� VWHS�ZH� LQWHJUDWH�JRYHUQLQJ� HTXDWLRQV� RQ� FRQWURO� YROXPH��$SSO\LQJ�WKH�*DXVV�WKHRUHP�ZH�KDYH

� �ww*��ww ³³³³³³ LLLL VFYMVV MVV MMVFY VGV[GVXGYW IIIUUI M ��� ����
)RU� WKH� WUDQVLHQW� WHUP�RI� WKH�HTXDWLRQ��D�³OXPS�PDVV�DSSURDFK´� LV�HPSOR\HG��)RU�FRQVWDQW� U��D�EDFNZDUG�GLIIHUHQFH�JLYHV

> @RLQLVFY VFYL L
GVGW-WGYW IIUUI �°¿°¾½°̄°®­ '|ww ³³ ³³� ����

7KH�GLIIXVLRQ�WHUP�DW�WKH�LQWHJUDWLRQ�SRLQW�LV�UHSUHVHQWHG�E\
������

�
[\\[GV[ LSLSVV LSLSMM 'ww*�'ww*|ww*³ III ����

LQ�ZKLFK� WKH�JUDGLHQW� FRPSRQHQWV� FDQ�EH� HYDOXDWHG�E\�XVLQJ� WKH�XVXDO�ELOLQHDU� VKDSH� IXQFWLRQ�H[SUHVVLRQV�)RU� WKH� GLVFUHWL]DWLRQ� RI� WKH� FRQYHFWLRQ� WHUPV�� FRQYHFWHG� DQG� FRQYHFWLQJ� YHORFLW\�� PXVW� EH�HYDOXDWHG�LQ�LQWHJUDWLRQ�SRLQWV��$V�WKH�QDWXUH�RI�WKH�FRQYHFWLRQ�RSHUDWRU�LV�SDUDEROLF�ZH�QHHG�WR�FRQVLGHU� LW� LQ� GHVFUHWL]DWLRQ� WR� DFKLHYH� VWDEOH� DQG� DFFXUDWH� UHVXOWV�� 7KH� SDUDEROLF� QDWXUH� RI�FRQYHFWLRQ� WHUPV� GRHV� VXJJHVW� WKDW� LW� LV� LQGHHG� KLJKO\� GHVLUDEOH� QRW� RQO\� WR� XSZLQG� WKH�FRQYHFWLRQ� RSHUDWRU�� EXW� DOVR� WKDW� WKLV� RSHUDWRU� EH� VNHZHG� WR� UHIOHFW� WKH� ORFDO� LQIRUPDWLRQ�SURSDJDWLRQ��WKLV�EHLQJ�DORQJ�WKH�ORFDO�VWUHDPOLQHV����������$� QHZ� PHWKRG� LV� SUHVHQWHG� WR� IRUPXODWH� WKH� FRQYHFWLQJ� DQG� FRQYHFWHG� YHORFLW\�� ,Q� WKLV�IRUPXODWLRQ�ZH�XVH�VWUHDPOLQH�XSZLQG�DQG�SK\VLFDO�LQIOXHQFH�VFKHPHV�DQG�WKH�WUDQVSRUW�HTXDWLRQ�WR�UHSUHVHQW�D�QHZ�IRUPXOD�IRU�WKH�FRQYHFWHG�DQG�FRQYHFWLQJ�YHORFLW\�
&RQYHFWHG�YHORFLW\7KH� FRQYHFWHG� YHORFLW\�� ZKLFK� DSSHDUV� LQ� WKH� PRPHQWXP� HTXDWLRQ� WR� HYDOXDWH� WKH� VXUIDFH�LQWHJUDO� RI� WKH� PRPHQWXP� HTXDWLRQ� FRQYHFWLRQ� WHUPV�� PXVW� EH� LQWHJUDWHG� RQ� WKH� LQWHJUDWLRQ�SRLQWV
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LSL\LSL[LM GVYGVXGVX IUIUIU ÖÖÖ � ����
0DQ\� DSSURDFKHV� KDYH� EHHQ� SURSRVHG� IRU� WKH� HYDOXDWLRQ� RI� WKH� FRQYHFWHG� YHORFLW\� DW� WKH�LQWHJUDWLRQ�SRLQWV��7KH�SUREOHP�WKDW�DULVHV�LQ�FRQYHQWLRQDO�PHWKRGV��LV�WKH�IDLOXUH�WR�LQFOXGH�WKH�LQIOXHQFH� RI� WKH� DSSURSULDWH� IOXLG� IORZ� RU� VFDODU� WUDQVSRUW� SK\VLFV� RQ� WKH� LQWHJUDWLRQ� SRLQW�YDULDEOHV�)RU�WKH�FRQYHFWLRQ�GRPLQDWHG�SUREOHP�DV�UHIHUUHG�WR�DERYH��WKH�ORFDO�XSVWUHDP�YDOXHV�ZLOO�KDYH�D�VWURQJ�LQIOXHQFH�RQ�WKH�YDOXH�RI�ILS��WKHUHIRUH�WKH�DSSURSULDWH�SURILOH�VKRXOG�KDYH�WKH�IRUP�

III '� XSLS ����
ZKHUH�'I LV�D�VWUHDPZLVH�FRUUHFWLRQ�WHUP�����������:LWK�WKH�FHQWUDO�GLIIHUHQFLQJ�VFKHPH��&'6���VHFRQG�RUGHU�DFFXUDF\�IRU�'I LV�REWDLQHG�EXW�LW�GRHV�QRW�\LHOG�WKH�SK\VLFDOO\�FRUUHFW�LQIOXHQFH�DQG�OHDGV�WR�³XQSK\VLFDO´�RVFLOODWLRQV�HVSHFLDOO\�LQ�WKH�KLJK�3HFOHW�QXPEHU��,Q�WKH�XSZLQG�RU�K\EULG�VFKHPH�� WKH� SK\VLFV� RI� WKH� SUREOHP� DUH� XVHG� IRU� HYDOXDWLRQ� RI� WKH� FRUUHFWLRQ� WHUP�� %XW� WKHVH�VFKHPHV�LQSXW�H[FHVVLYH�IDOVH�GLIIXVLRQ�DQG�FRQVHTXHQWO\�UHVXOWV�DUH�QRW�DFFXUDWH��7KH�DFFXUDF\�RI�WKH�PHWKRG�LV�LQFUHDVHG�E\�LPSURYLQJ�WKH�LQWHUSUHWDWLRQ�RI�WKH�GLVWULEXWLRQ�RI�YDULDEOHV�RQ�WKH�HOHPHQW� FRPSDWLEOH�ZLWK� WKH� IOXLG� IORZ��7KH�EHVW� HTXDWLRQ� IRU� WKLV� LV� WKH� IOXLG� IORZ�JRYHUQLQJ�HTXDWLRQ�� 6FKQHLGHU� DQG� .DULPLDQ� >��@� XVHG� WKH� JRYHUQLQJ� HTXDWLRQ� WR� REWDLQ� D� UHODWLRQ� WKDW�HYDOXDWHV�WKH�FRQYHFWHG�YHORFLW\�EDVHG�RQ�QRGDO�YDULDEOHV�,Q�WKLV�UHJDUG��WKH�FRQVHUYDWLYH�JHQHUDO�IRUP�RI�WKH�JRYHUQLQJ�HTXDWLRQ�LV�ZULWWHQ

E6\Y[XW ���* ww�ww�ww IIIUIUIU �ÖÖ ����
ZKHUH��E�LV�WKH�JUDGLHQW�RI�WKH�SUHVVXUH�,Q�WKH�VWUHDP�ZLVH�GLUHFWLRQ��WKLV�HTXDWLRQ�ZLOO�EH

E6V9W ���* ww�ww IIIUIU � � � ����� YX9 � ����
V�LV�WKH�IORZ�GLUHFWLRQ��$IWHU�UHDUUDQJHPHQW�RI�WKH�DERYH��WKH�HTXDWLRQ�EHFRPHV

»¼º«¬ª ���*�ww� ww E6W9V IIIUUI �� ����
,Q�WKH�VWUHDPOLQH�GLUHFWLRQ�ZH�GLVFUHWL]H�WKH�(T������DV�

»¼º«¬ª ���*�ww�'� EVW9VXSXSLS IIIUUII � ����
7KH� VHFRQG� WHUP� UHSUHVHQWV� VWUHDPZLVH� FRUUHFWLRQ�� IXS� ZLOO� EH� HYDOXDWHG� XVLQJ� WKH� VNHZHG�VWUHDPOLQH�XSZLQG�PHWKRG�E\�DFFRXQWLQJ�IRU�WKH�ORFDO�IORZ�GLUHFWLRQ�
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,QVLGH�WKH�EUDFNHW�ZH�KDYH�WUDQVLHQW�DQG�GLIIXVLRQ�WHUPV�WKDW�ZH�PXVW�GLVFUHWH��'LVFUHWL]HWLRQ�RI�WKH�/DSODFLDQ�WHUP�QHHGV�D�VHFRQG�VKDSH�IXQFWLRQ��IRU�WKLV�ZH�XVHG�WKH�ELOLQHDU�VKDSH�IXQFWLRQ��)RU� WKLV� SUREOHP�� .DULPLDQ� >��@� FRQVLGHUHG� WKH� WUDQVLHQW� DQG� GLIIXVLRQ� WHUPV� H[SOLFLWO\� E\�SUHYLRXV� LWHUDWLRQ�RU�WLPH�VWHSV��6FKQHLGHU�>��@�FRQVLGHUHG�RQO\�WKH�WUDQVLHQW�WHUP�H[SOLFLWO\��,Q�WKLV� VFKHPH� WKHUH� DUH� SUREOHPV� ZLWK� WKH� FRQVLVWHQF\� DQG�� DW� YHU\� OLWWOH� WLPH� VWHSV�� PDQ\�RVFLOODWLRQV�DUH�SURGXFHG��7KH�.DULPLDQ�>��@�PHWKRG�LQ�WUDQVLHQW�DQG�ORZ�5H\QROGV�QXPEHU�KDV�PDQ\�VKRUWFRPLQJV��)RU�WKLV�UHDVRQ�ZH�XVH�WKH�UHSUHVHQWDWLRQ�RI�6FKQHLGHU�>��@�IRU�GLVFUHWL]LQJ�WKH�/DSODFLDQ�RSHUDWRU�DV�VKRZQ�EHORZ�
� � �

�
�� /G
1 LSLM MLSL

LSL
II �¸̧¹·¨̈©§ )|� ¦ ����

:KHUH�/G� LV�DQ�DSSURSULDWH�GLIIXVLRQ�OHQJWK�VFDOH�DQG�IRU�D�UHFWDQJXODU�HOHPHQW�LV�JLYHQ�E\
�

��� � �� �¸̧¹·¨̈©§ '�' \[/G ����
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&RQYHFWLQJ�YHORFLW\�PRGHOLQJ7KH� FRQYHFWLQJ� YHORFLW\� DSSHDUV� LQ� WKH� FRQWLQXLW\� HTXDWLRQ� DQG� PDVV� IOX[HV�� 7KH� SUHVVXUH�FKHFNHUERDUG�SUREOHP�DULVHV� IURP� WKH�SUHVVXUH�ILHOG�GHFRXSOLQJ��7KH�SULPDU\�DLP�LV� WR� LQFOXGH�
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FRXSOLQJ�EHWZHHQ�WKH�SUHVVXUH�DQG�WKH�YHORFLW\�LQ�FRQYHFWLQJ�YHORFLW\��EHFDXVH�VXEVWLWXWLRQ�RI�WKH�FRQYHFWLQJ�YHORFLW\�LQ�WKH�FRQWLQXLW\�HTXDWLRQ�UHVXOWV�LQ�RVFLOODWLRQ±IUHH�SUHVVXUH�DQG�YHORFLW\��7R�SUHYHQW�WKH�SUHVVXUH�YHORFLW\�GHFRXSOLQJ�SUREOHP��ZH�XVH�WKH�PRPHQWXP�HTXDWLRQ�WKDW�LQFOXGHVWKH�LQIOXHQFH�RI�SUHVVXUH�RQ�WKH�YHORFLW\��:H�UHZULWH�WKH�PRPHQWXP�HTXDWLRQ�LQ�WKH�VWUHDPOLQH�GLUHFWLRQ�DV�
��  �*�ww�ww�ww X[3VX9WX UU ����

$IWHU�GLVFUHWL]LQJ�WKH�FRQYHFWLRQ�WHUP�LQ�WKH�VWUHDPOLQH�GLUHFWLRQ��ZH�ZLOO�KDYH�
�Ö �  �*�ww�ww�¸̧¹·¨̈©§ '� LSXS

XSLS X[3WXV XX9 UU ����
%\�UHDUUDQJHPHQW�RI�WKH�(T��������ZH�ZLOO�KDYH

¹̧·©̈§ ww��*�ww�'� [3XWX9VXX LSXSXSLS �Ö UU ����
,Q�(T�������WKH�HIIHFW�RI�WKH�SUHVVXUH�KDV�DSSHDUHG�LQ�WKH�FRQYHFWLQJ�YHORFLW\��,Q�IDFW��LQVLGH�WKH�EUDFNHW�RI�(T�������LV�WKH�PRPHQWXP�HTXDWLRQ�HUURU��H��DQG�ZLWKRXW�WKH�HIIHFW�RI�WKH�FRQWLQXLW\�HTXDWLRQ��7R�LQFOXGH�WKLV�HIIHFW�ZH�DGG�WKH�UHVLGXDO�RI�WKH�FRQWLQXLW\�HTXDWLRQ�WR�WKH�EUDFNHW�RQ�WKH�ULJKW�KDQG�VLGH�RI�(T���������������7KH�UHVLGXDO�RI�WKH�FRQWLQXLW\�HTXDWLRQ�LV�GHILQHG�DV�

LSLS \Y[X ¸̧¹·¨̈©§ ww�ww UH �� ����
,I�ZH�UHDUUDQJH�WKH�(T�������LQ�WKH�IOXLG�IORZ�GLUHFWLRQ��ZH�ZLOO�KDYH

LSLS \YX\XYVX9X ¸̧¹·¨̈©§ ww�ww�¹̧·©̈§ ww UUH�� ����
%\�VXEVWLWXWLRQ�RI�(T�������LQWR�(T��������ZH�ZLOO�KDYH

� � »¼º«¬ª ¸̧¹·¨̈©§ ww�ww�ww��*�ww�'�'�' '�' \XY\YX[3XWX9VVV XVXVX XS
GQXS

GQGQXSGQ UUU �Ö ����
,Q�WKH�DERYH�UHODWLRQ��WKH�WUDQVLHQW�DQG�GLIIXVLRQ�WHUPV�DUH�HYDOXDWHG�EDVHG�RQ�SUHYLRXV�LWHUDWLRQ�GDWD� ����� 7R� LPSURYH� WKH� DERYH� UHODWLRQ�ZH XVH� WUDQVLHQW� DQG� GLIIXVLRQ� WHUPV� LPSOLFLWO\��$IWHU�XVLQJ� EDFNZDUG� GLIIHUHQFLQJ� PHWKRG� IRU� WKH� WUDQVLHQW� WHUP� DQG� GLVFUHWL]LQJ� WKH� /DSODFLDQ�RSHUDWRU��ZH�ZLOO�KDYH
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6LPXODWLRQ�DQG�5HVXOWV�RI�*DV�6ROLG�)ORZ�LQ�D���'�5LVHU7KH� QHZ� )9%)(� PHWKRG� ZDV� XVHG� IRU� WKH�JDV�VROLG� WZR±GLPHQVLRQDO� IORZ� LQ� WKH� ULVHU�VHFWLRQ� RI� WKH� FLUFXODWLQJ� IOXLGL]HG� EHG��&)%��� &)%� DUH� FRPPRQ� LQ� WKH� SHWUROHXP�LQGXVWU\� )LJXUH���VKRZV�WKH�ULVHU�VHFWLRQ�RI�D�&)%� XVHG� LQ� WKH� QXPHULFDO� VLPXODWLRQ� RI�JDV�VROLG� IORZ�� 7KH� JHRPHWU\� RI� WKH� ULVHU� LV�VLPLODU� WR� WKH� H[SHULPHQWDO� VHW� XS� XVHG� E\�<DQJ� >���� ��@�� 7DEOH� ���� OLVWV� WKH� H[�SHULPHQWDO� FRQGLWLRQV� RI� WKH� WHVW� FDVH��,QLWLDOO\�WKH�UHDFWRU�LV�HPSW\�DQG�WKH�YHORFLW\�RI� ERWK� JDV� DQG� VROLG� DUH� VHW� WR� ]HUR�� 7KH�VLPXODWHG� V\VWHP� ZDV� LVRWKHUPDO� DQG� WKH�LQLWLDO� SUHVVXUH� ZDV� VHOHFWHG� DW� DWPRVSKHULF��6ROLG� SDUWLFOHV� DQG� JDV� ZHUH� IHG� IURP� WKH�ERWWRP�RI� WKH� ULVHU�XQLIRUPO\��*DV�DQG�VROLG�H[LWHG� WKH� V\VWHP� WKURXJK� WKH� VLGH�RXWOHW� VHW�EHORZ�WKH�FORVHG�XS�RI�WKH�ULVHU�ZLWK�D�ZLGWK�RI������P��VLPLODU�WR�WKH�VLGH�LQOHWV��7KH�LQOHW�ERXQGDU\�FRQGLWLRQV�DUH�FRPSOHWHO\�VSHFLILHG�IRU�DOO�GHSHQGHQW�YDULDEOHV�IRU�ERWK�JDV� DQG� SDUWLFXODU� SKDVHV� RI� WKH� SUHVFULEHG�IORZ��$W�WKH�RXWOHW��WKH�QRUPDO�JUDGLHQW�RI�WKH�TXDQWLWLHV� LV� VHW� WR� ]HUR� DQG� H[LW� SUHVVXUH� LV�

VSHFLILHG�� $W� WKH� ZDOO� VXUIDFH� WKH� QRUPDO�JUDGLHQW� RI� DOO� VFDODU� YDULDEOHV� DQG� UDGLDO�YHORFLWLHV�RI�ERWK�SKDVHV�DUH�DOVR�VHW�WR�]HUR��)RU�WKH�D[LDO�DQG�WDQJHQWLDO�GLUHFWLRQV�WKH�JDV�YHORFLW\� REH\V� WKH� ³QR�VOLS´� ERXQGDU\�FRQGLWLRQ�� 7KH� SDUWLFOH� SKDVH� YHORFLW\�JUDGLHQWV� DW� WKH� ULVHU� LV� FRPSXWHG� IURP� WKH�DSSURSULDWH�³ZDOO�IXQFWLRQ´�>��@��ZKHUHDV�WKH�SDUWLFXODWH�SKDVH�LV�DOORZHG�WR�VOLS�DORQJ�WKH�ZDOO�
7DEOH �� ([SHULPHQWDO� 7HVW� &DVH� 8VHG� IRU� 1HZ�0HWKRG�>������@3DUWLFOH�GLDPHWHU��GS��P� ���
����3DUWLFOH�GHQVLW\��UV �NJ�P�� ����5LVHU�GLDPHWHU�P� ����5LVHU�KHLJKW�P� ����,QOHW�JDV�D[LDO�YHORFLW\�P�V� ����3DUWLFOH�PDVV�IOX[�NJ�P��V� ����,QOHW�SDUWLFOH�YROXPH�IUDFWLRQ �����
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)LJXUH��� *HRPHWU\�RI�WKH�VLPXODWLRQ�V\VWHP�>�����@
)LJXUHV� �������VKRZ�WKH�FRPSDULVRQ�EHWZHHQ�WKH�FDOFXODWHG�UDGLDO�JDV�DQG�SDUWLFOH�YHORFLW\�GLVWULEXWLRQV�LQ�WKH�ULVHU�DW�KHLJKWV�RI�����DQG�����P�ZLWK�H[SHULPHQWDO�GDWD�>�����@�WDNHQ�DW�WKH�VDPH�KHLJKWV��7KH�SDUWLFOH�YHORFLW\�LQ�WKH�FHQWHU� RI� WKH� ULVHU� ZDV� DQ� XSZDUG�� IDVW�PRYLQJ� FRUH� VXUURXQGHG� E\� D� VORZ� PRYLQJ�OD\HU� QHDU� WKH� ZDOO�� 7KH� DJUHHPHQW� EHWZHHQ�WKH� SUHGLFWHG� DQG� WKH�PHDVXUHG� YHORFLWLHV� LV�UHPDUNDEO\� JRRG�� )LJXUH� ���� VKRZV� WKH�SUHGLFWLRQ� RI� WKH� YHORFLW\� YHFWRUV� RI� WKH�JDV�SDUWLFOH� SKDVHV�� 'XH� WR� WKH� YHU\� KLJK�VROLG��DQG�JDV��D[LDO�YHORFLW\�DW�WKH�FHQWHU�RI�WKH� ULVHU�� WKH� VROLG� IOX[�ZDV� DW� LWV�PD[LPXP�YDOXH��DOWKRXJK�WKH�VROLG�FRQFHQWUDWLRQ�ZDV�DW�LWV� ORZHVW� YDOXH�� )LJXUH� ���� VKRZV� WKH� WLPH�DYHUDJHG� D[LDO� SDUWLFOH� YROXPH� IUDFWLRQ� DQG�SUHVVXUH� LQ� WKH� ULVHU��7KH�KLJK�SUHVVXUH�GURS�DW� WKH� ERWWRP� RI� WKH� ULVHU� ZDV� GXH� WR� WKH�HIIHFW� RI� SDUWLFOH� IHHGLQJ� LQ� WKDW� UHJLRQ��7KH�SUHVVXUH�GURS�WKHQ�GHFUHDVHG�DORQJ�WKH�KHLJKW�RI� WKH� ULVHU� UHVXOWLQJ� IURP� GHFUHDVH� LQ� WKH�VROLG�FRQFHQWUDWLRQ��'XH� WR� WKH�SUHGLFWLRQ�RI�D� ELJJHU� GLOXWH� FRUH� LQ� WKH� ��'� ULVHU�� ORZHU�IORZ� UHVLVWDQFH� DQG� D� ORZHU� FDOFXODWHG�SUHVVXUH�GURS�UHVXOW�

1RPHQFODWXUHGV 2XWZDUG�QRUPDO�YHFWRU�RI�DUHDH 7RWDO�HQHUJ\�SHU�XQLW�PDVV��-�NJJ *UDYLW\�DFFHOHUDWLRQ��PV�- -DFREHDQ�GHWHUPLQDQW3 3UHVVXUH��SDT�L &RPSRQHQW�RI�KHDW�IOX[�YHFWRUV )ORZ�GLUHFWLRQ6 6RXUFH�WHUPWV Ö�Ö /RFDO�FRRUGLQDWHW 7LPH��VX 9HORFLW\��FP�V[��\ *OREDO�FRRUGLQDWH
*UHHN�6\PEROVE ,QWHUSKDVH� PRPHQWXP� WUDQVIHU�FRHIILFLHQWHH 9RLG� IUDFWLRQ� �YROXPH� IUDFWLRQ� RI�SDUWLFOH�U 'HQVLW\��.JP��
LMW 6WUHVV�WHQVRU�FRPSRQHQWP 9LVFRVLW\��JU�P�VI *HQHUDOL]HG�FRQVHUYHG�TXDQWLW\IV VSKHULW\* *HQHUDO�GLIIXVLRQ�FRHIILFLHQW� 'LYHUJHQFH�RSHUDWRU�� /DSODFLDQ�RSHUDWRU

6XEVFULSWVJ *DV�SKDVHV 6ROLG�SKDVHL��M��N� ����� (LQVWHLQ�VXPPDWLRQ�LQGLFHVLS ,QWHJUDWLRQ�SRLQWXS 8SVWUHDPFY &RQWURO�YROXPH
6XSHUVFULSWVBB /DJJHG� YDOXH� IURP� WKH� SUHYLRXV�LWHUDWLRQ2 3UHYLRXV�WLPH�VWHS�YDOXH
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HKIWTG �� %CNEWNCVGF TCFKCN FKUVTKDWVKQP QH VJG CZKCN ICU XGNQEKV[XU� GZRTKOGPVCN FCVC QH ;CPI
������

HKIWTG �� ECNEWNCVGF TCFKCN FKUVTKDWVKQP QH VJG CZKCN RCTVKENG XGNQEKV[XU� GZRTKOGPVCN FCVC QH ;CPI
������

)LJXUH��� &DOFXODWHG�UDGLDO�GLVWULEXWLRQ�RI�WKH�D[LDO�JDV�YHORFLW\��YV��H[SHULPHQWDO�GDWD�>������@

)LJXUH��� &DOFXODWHG�UDGLDO�GLVWULEXWLRQ�RI�WKH�D[LDO�SDUWLFOH�YHORFLW\�YV��H[SHULPHQWDO�GDWD�>�����@
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HKIWTG ��� 2TGFKEVGF HNQY HKGNFU QH VJG ICU CPF RCTVKENG RJCUGU KP VJG TKUGT

HKIWTG ��� 6KOG�#XGTCIGF #ZKCN 2CTVKENG 8QNWOG (TCEVKQPCPF 2TGUUWTG KP VJ 4KUGT

)LJXUH��� 3UHGLFWHG�IORZ�ILHOGV�RI�WKH�JDV�DQG�SDUWLFOH�SKDVHV�LQ�WKH�ULVHU�VHFWLRQ�RI�WKH�IOXLGL]HG�EHG�UHDFWRU

)LJXUH� �� 7LPH�DYHUDJHG� D[LDO� SDUWLFOH� YROXPH� IUDFWLRQ� DQG� SUHVVXUH� GLVWULEXWLRQ� LQ� WKH� ULVHU� VHFWLRQ� RI� WKH�IOXLGL]HG�EHG�UHDFWRU
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5HIHUHQFHV�� ;X� %�0�� DQG� $�%�� <X�� ³1XPHULFDO�6LPXODWLRQ� RI� WKH� *DV�6ROLG� )ORZ� LQ� D�)OXLGL]HG� %HG� E\� &RPELQLQJ� 'LVFUHWH� 3DU �WLFOH� 0HWKRG� ZLWK� &RPSXWDWLRQDO� )OXLG�'\QDPLFV´�� &KHP�� (QJ�� 6FL��� ���� 6������������� 'DYLGVRQ� -�5�� DQG� '�� +DUULVRQ�� )OXLGL]HG�3DUWLFOHV�� &DPEULGJH� 8QLYHUVLW\� 3UHVV����������� 5LFKQHU�'�:���HW�DO��� ³&RPSXWHU�6LPXODWLRQ�RI� ,VRWKHUPDO� )OXLGL]DWLRQ� LQ� /DUJH ±VFDOH�/DERUDWRU\� 5LJV´�� $,&+(� -��� ���� �������������� .XQQL� '�� DQG� 2�� /HYHQVSLHO�� )OXLGL]DWLRQ�(QJLQHHULQJ��:LOH\��1HZ�<RUN������� ��� )LW]JHUDOG� 7�-�� DQG� /�5�� *OLFNVPDQ��³7HVWLQJ� RI� &ROG� 6FDOHG� %HG�PRGHOLQJ� IRU�)OXLGL]HG� %HG� &RPEXVWRUV´�� � WK $,&+(�$QQ��0HHW���:DVKLQJWRQ�'&������� ��� *OLFNVPDQ� O�� 5�� ³6FDOLQJ� UHODWLRQVKLSV� IRU�)OXLGL]HG� %HGV´�� &KHP�� (QJ�� 6FL��� ����������������� *OLFNVPDQ� O�5�� ´6FDOLQJ� 5HODWLRQVKLSV� IRU�)OXLGL]HG� %HGV´�� &KHP�� (QJ�� 6FL��� ����������������� %ODNH� 7�5�� DQG� 3�-�� &KHQ� ³&RPSXWHU�0RGHOLQJ� RI�)OXLGL]HG�%HG�&RDO� FODVVLILFD �WLRQ�5HDFWRUV´��$P��&KHP��6RF��6\PS��6HU������������������ *LGDVSRZ�'��DQG�%��(WWHKDGLHK� ³&RPSXWHU�0RGHOLQJ� RI� 6DQG� LQ� D� 7ZR�GLPHQVLRQDO�%HG ZLWK� D� -HW´�� SDSHU� ��D� �� $,&+(�$QQ��0HHW���1HZ�2UOHDQV������� ���� *LGDVSRZ� '��� ³+\GURG\QDPLFV� RI� IOXLGL]D �WLRQ� DQG� +HDW� 7UDQVIHU� 6XSHUFRPSXWHU�$SSOLFDWLRQV´�� $SSO�� 0HFK�� 5HV��� ��������������� *LGDVSRZ�� '��� ������ 0XOWLSKDVH� )ORZ� DQG�)OXLGL]DWLRQ��&RQWLQXXP�DQG�. LQHWLF�7KHRU\�'HVFULSWLRQ��$FDGHPLF�3UHVV���� $QGHUVRQ� 7�%�� DQG� 5�� -DFNVRQ�� ³)OXLG�0HFKDQLFDO� 'HVFULSWLRQ� RI� )OXLGL]HG� %HGV��(TXDWLRQV� RI� 0RWLRQ´�� ,QG�� (QJ�� &KHP��)XQG��������������������� 3ULWFKHWW� -�:��� 7�5�� %ODNH� DQG� 6�.�� *DUJ��³$� 1XPHULFDO� 0RGHO� RI� *$6� )OXLG L]HG�%HGV�´� $,&+(� 6\PS�� 6HU��� ��������� �������������� -DFNVRQ�� 5��� ³+\GURG\QDPLF� 6WDELOLW\� RI�)OXLG�3DUWLFOH� 6\VWHPV´�� )OXLGL]DWLRQ�� -�)��

'DYLGVRQ�� 5�� &OLIW�� '�� +DUULVRQ�� HGV���$FDGHPLF�3UHVV�������������� .XLSHUV� -�$�0�� DQG� HW� DO�� ³$� 1XPHULFDO�0RGHO� RI�*DV�)OXLGL]HG�%HGV´�� FKHP��(QJ��6FL��������������������� .XLSHUV� -�$�0�� DQG� HW� DO��� ³&RPSXWHU�6LPXODWLRQ�RI�WKH�K\GURG\QDPLFV�RI�D�7ZR �'LPHQVLRQDO�*DV� )OXLGL]HG�%HGV´��&RPSXW��&KHP��(QJ��������������������� $OYHV� -�-�1�� DQG�0��0RUL�� ³)OXLG�'\QDPLF�0RGHOLQJ� DQG� 6LPXODW LRQ� RI� &LUFXODWLQJ�)OXLGL]HG�%HG�5HDFWRUV�$QDO\VLV�RI�3DUWLFOH�3KDVH�6WUHVV�0RGHOV´��&RPSXW��&KHP��(QJ�������6�������������� :HQ�<�&�� DQG�<�+��<X�� ������&KHP��(QJ��3URJ��6\PS��6HU������������������ *LGDVSRZ�'�� DQG�%�� (WWHKDGLHK�� ³)OXLGL]D�WLRQ�LQ�7ZR�'LPHQVLRQDO %HGV�ZLWK�D�-HW��,,��+\GURG\QDPLF�0RGHOLQJ´�� ,QG��(QJ��&KHP��)XQGDP�������������������� %LUG� 5�%��� 6WHZDUW� :�(��� /LJKWIRRW� (�1��������� 7UDQVSRUW� 3KHQRPHQD�� :L OH\�� 1HZ�<RUN���� 0DVVRXGL� 0��� 5DMDJRSDO� .�5�� DQG� HW� DO���³5HPDUNV� RQ� WKH� 0RGHOLQJ� RI� )OXLGL]HG�6\VWHPV´��$,&+(�-���������� ���������� 'LQJ� -�� DQG� '�� *LGDVSRZ�� ³$� %XEEOLQJ�)OXLGL]DWLRQ�0RGHO�8VLQJ�.LQHWLF�7KHRU\�RI�*UDQXODU�IORZ´��$,&+(�-�������������������� )DPLOL� 0�+�1�� 0�� .�� 0RUDYHML� ³$� 1HZ�)LQLWH� 9ROXPH� %DVHG� )LQLWH� (OHPHQW� 0H �WKRG�IRU�6ROYLQJ�WKH�,QFRPSUHVV LEOH�9LVFRXV�)ORZ�IRU�KLJK�5H\QROGV�1XPEHU´��VXEPLWWHG�WR�6FLHQWLD�,UDQLFD���������� 5KLH�� &�0��� DQG� &KRZ�� :�/��� ³1XPHULFDO�6WXG\�RI�WKH�7XUEXOHQW�)ORZ�3DVW�DQ�$LUIRLO�ZLWK�7UDLOLQJ�(GJH´��$,$$�-RXUQDO��9RO������1R�����SS����������������������� 6FKQHLGHU�� *�(��� 5DZ�� 0�-��� ³&RQWURO�9ROXPH� )LQLWH� (OHPHQW� 0HWKRG� IRU� +HDW�7UDQVIHU� DQG� )OXLG� )ORZ� 8VLQJ� &R �ORFDWHG�9DULDEOHV� ±��� &RPSXWDWLRQDO� 3URFHGXUH´��1XPHULFDO�+HDW�7UDQVIHU��9RO������SS����� �������������� 6FKQHLGHU�� *�(��� 5DZ�� 0�-��� ³$� 1HZ�&RQWURO�9ROXPH� )LQLWH� (OHPHQW 0HWKRG�3URFHGXUH�)RU�+HDW�7UDQVIHU�DQG�)OXLG�)ORZ�8VLQJ�&R�ORFDWHG�9DULDEOHV� ±���$SSOLFDWLRQ�DQG� 9DOLGDWLRQ´�� 1XPHULFDO� +HDW� 7UDQVIHU��9RO������SS�������������������� .DULPLDQ�� 6�0�+��� DQG� 6FKQHLGHU�� *� (��
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³3UHVVXUH�%DVHG�&RPSXWDWLRQDO�0HWKRG�IRU�&RPSUHVVLEOH� DQG� ,QFRPSUHVVLEOH� )ORZV´��-RXUQDO� RI� 7KHUPRSK\VLFV� DQG�+HDW� 7UDQV �IHU��9RO�����1R�����������SS������������� 6FKQHLGHU�� *�(� ³$GYDQFHV� LQ� &RQWURO�9ROXPH� %DVHG� )LQLWH� (OHPHQW� 0HWKRG� IRU�&RPSUHVVLEOH� )ORZV´�� 6HFRQG� 1RUWK� $PH �ULFDQ� 6RYLHW� :RUNVKRS� RQ� &RPSXWDW LRQDO�$HURG\QDPLFV��0RQWUHDO� &DQDGD�� 6HS�� � ������������ <DQJ�� <�/��� ³([SHULPHQWDO� DQG� WKHRUHWLFDO�VWXGLHV� RQ� K\GURG\QDPLFV� LQ� FRQFXUUHQW�XSZDUG�DQG�GRZQZDUG�FLUFXODWLQJ�IOXLGL]HG�EHGV´�� 3K'� 'LVV��� 7VLQJKXD� XQLYHUVLW\��%HLMLQJ��&KLQD����������� *DR�� -��� &�� ;X�� 6� /LLQ� DQG� *�� <DQJ��³$GYDQFHG� PRGHO� IRU� WXUEXOHQW� JDV �VROLG�IORZ� DQG� UHDFWLRQ� LQ� )&&� ULVHU� UHDFWRUV´��$,&+(� -��� 9RO�� ���� 1R�� ��� 3S� ���� ��������������� /DXQGHU�� %�(��� DQG� '�%�� 6SDOGLQJ�� 0DWKH �PDWLFDO� 0RGHOV� RI� 7XUEXOHQFH�� $FDGHPLF�3UHVV��/RQGRQ�������


