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7KH�UDGLR�RFFXOWDWLRQ�H[SHULPHQWV�ZHUH�EHLQJ�FDUULHG�RXW�RQ�WKH�RUELWDO�VWDWLRQ�0,5±JHR�VWDWLRQDU\�VDWHOOLWH� OLQN�ZKHQ�WKH�VWDWLRQ�ZDV�JRLQJ�LQ�WKH�(DUWK¶V�VKDGRZ�UHODWLYH�WR�WKH�JHR�VWDWLRQDU\�VDWHOOLWH��7KH�H[SHULPHQW�JHRPHWU\�LV�VKRZQ�LQ�)LJ�������7KH�FHQWUH�RI�WKH�(DUWK�LV�VKRZQ�LQ�WKLV�)LJXUH�E\�WKH�SRLQW�2��7KH�(DUWK¶V�UDGLXV�LV�GHQRWHG�E\�WKH�V\PERO�D DQG�WKH�SRVLWLRQ�RI�WKH�VWDWLRQ�0,5��ZKLFK�UDGLDWHG�D�UDGLR�VLJQDO�ZLWK�ZDYHOHQJWK�O  ��FP�LV�GHQRWHG�E\�WKH�SRLQW�$� 7KH�PD[LPXP±JDLQ�D[LV�RI�WKH�WUDQVPLWWLQJ�DQWHQQD�RI�WKH�VWDWLRQ�0,5�ZDVRULHQWHG�RQ�D�WDQJHQW�WR�WKH�HDUWK�VXUIDFH�LQ�WKH�GLUHFWLRQ�RI�D�JHRVWDWLRQDU\�VDWHOOLWH�DW�UDGLR�RFFXOWDWLRQ�PHDVXUHPHQWV� 2Q�PRYLQJ�WKH�VWDWLRQ�0,5�WKH�PLQLPDO�DOWLWXGH�RI�WKH�UD\�+� LQ�WKH�SRLQW�&�WKDW�LV�LQ�WKH�SHULJHH�RI�WKH UD\�GHFUHDVHG��ZKLFK�SURYLGHG�³VOLW´�RI�WKH�DWPRVSKHUH�7KH� GLVWRUWLRQ� RI� WKH� UD\�$%� EHFDXVH� RI� WKH� UHIUDFWLRQ� LQ� WKH� DWPRVSKHUH� LQ�)LJ�� ���� LV� QRW�VKRZQ�� 7KH� UDGLR� ZDYHV� KDYLQJ� SDVW� WKURXJK� WKH� DWPRVSKHUH� ZHUH� EHLQJ� UHFHLYHG� RQ� WKH�JHRVWDWLRQDU\� VDWHOOLWH� LQ� WKH� SRLQW� %��ZKLFK� KDG� WKH� UHFHLYLQJ� DQWHQQD�ZLWK� WKH� KLJK±JDLQ��RULHQWHG� LQ� WKH� GLUHFWLRQ� RI� WKH� VWDWLRQ� 0,5�� 7KH� UHFHLYHG� VLJQDO� ZDV� DPSOLILHG� DQG�UHWUDQVODWHG�ZLWKRXW�D�SKDVH�GLVWRUWLRQ�RQ�WKH�JURXQG�UHFHLYLQJ�VWDWLRQ� 7KH�DSSOLFDWLRQ�RI�WKH�JDLQ� DQWHQQD� RQ� WKH� VWDWLRQ�0,5�DQG� RQ� WKH� JHR�VWDWLRQDU\� VDWHOOLWH� SURYLGHG� D� KLJK� VLJQDO��QRLVH�UDWLR�WKDW�LQFUHDVHG�WKH�PHDVXUHPHQW�DFFXUDF\�RI�WKH�VLJQDO�DPSOLWXGH�,Q� WKH� H[SHULPHQWV WZR� JHRVWDWLRQDU\� VDWHOOLWHV� ± UHWUDQVODWRUV �ZHVWHUQ� DQG� HDVWHUQ��ZHUH�XVHG��7KH�ILUVW�JHRVWDWLRQDU\�VDWHOOLWH�ZDV�RYHU�WKH�PHULGLDQ���q: DQG�WKH�VHFRQG�ZDV�RYHU�WKH�PHULGLDQ���q(� 7KH�RUELWDO�SODQH�DQJOH�RI�WKH�VWDWLRQ�0,5�HTXDO�WR���q DOORZHG�UDGLR�RFFXOWDWLRQ�PHDVXUHPHQWV�WR�EH�FDUULHG�RXW�LQ�WKH�6RXWKHUQ�DQG�1RUWKHUQ�KHPLVSKHUHV�LQ�WKH�ODWLWXGH�LQWHUYDOV�IURP���XS�WR���q��7KH�UHVHDUFK�RI�WKH�UHJLRQV�LQ�WKH�EHOW r���q LQ�UHODWLRQ�WR�DYHUDJH�PHULGLDQV� ����q(�DQG �����q( ZDV�SRVVLEOH��7KH�PHDVXUHPHQWV� KDYH�EHHQ� UHDOLVHG�RYHU�WKH�,QGLDQ�2FHDQ��RYHU�WKH�QRUWKHUQ�SDUW�RI�WKH�3DFLILF�2FHDQ�DQG�DOVR�RYHU�WKH�WHUULWRU\�RI�.D]DNKVWDQ� 7KH�PHWHRURORJLFDO�FRQGLWLRQV�LQ�WKHVH�UHJLRQV�VWURQJO\�GLIIHU��ZKLFK�UHVXOWV�LQ�WKH�DSSHDUDQFH�RI�IHDWXUHV�LQ�H[SHULPHQWDO�GHSHQGHQFLHV�RI�WKH�ILHOG�VWUHQJWK�(�RQ�WKH�PLQLPDO�DOWLWXGH�RI� WKH� UD\�+��� ,Q� WKLV� UHSRUW�ZH�DQDO\VH�GHSHQGHQFLHV (�+�� IRU� WKH�VRXWKHUQ�UHJLRQ
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RI�WKH�,QGLDQ�RFHDQ�ZLWK�WKH�ODWLWXGHV�IURP���q6 XS�WR���q6 DQG�WKH�DYHUDJH�ORQJLWXGH�����q(��ZKHUH����UDGLR�RFFXOWDWLRQV�KDYH�EHHQ�FXUULHG�RXW�/HW�XV�JLYH�WKH�PDLQ�SDUDPHWHUV�HVVHQWLDO�IRU�WKH�DQDO\VLV�RI�WKH�DPSOLWXGH�VFLQWLOODWLRQ��GLVWDQFHV� IURP� WKH� VWDWLRQ� 0,5� DQG� IURP� WKH� JHR�VWDWLRQDU\� VDWHOOLWH� XS� WR� WKH� SUREHG�DWPRVSKHULF DUHD $& /� ����y�����NP�DQG %& /� ������NP�DFFRUGLQJO\�� WKH� UDGLXV�RI�WKH� ILUVW� )UHVQHO� ]RQH U  >O /�/���/��/��@���� | ���� NP� � 7KH� IUHTXHQF\� RI� � WKH� DPSOLWXGH�VFLQWLOODWLRQV�) GHSHQGV�RQ�WKH�FURVVLQJ�YHORFLW\�RI�DWPRVSKHULF�LQKRPRJHQHLWLHV�E\�D�OLQH�$%�DQG�RQ�SHFXOLDU�VFDOHV�RI�LQKRPRJHQHLWLHV� 7KH�FRQGLWLRQDO�DWPRVSKHULF�ZLGWK�DORQJ�WKH�OLQH�$%�LV�/|��D+D����|����NP��ZKHUH +D�| ��NP�LV�WKH�KHLJKW�RI�WKH�KRPRJHQHRXV�DWPRVSKHUH��$V /�!!/��LQ�WKH�FDVH�RI�ZHDN�IOXFWXDWLRQV�WKH�HIIHFW�RI�WKH�DWPRVSKHUH�RQ�WKH�UDGLR�ZDYH�FDQ�EH� FRQVLGHUHG� LQ� WKH� DSSUR[LPDWLRQ� RI� WKH� SKDVH� VFUHHQ� SDVVLQJ� WKURXJK� SRLQWV 2 DQG� &SHUSHQGLFXODUO\� WR� WKH�OLQH�$%��7KLV�SKDVH�VFUHHQ�LV�VKRZQ�LQ�)LJ������E\�WKH�UHFWDQJOH��7KH�YHORFLW\�YHFWRU�RI� WKH�VWDWLRQ�0,5�9� GHWHUPLQHV�WKH�YHORFLW\�RI� WKH�DWPRVSKHULF�LUUHJXODULW\�FURVVLQJ�E\�WKH�UD\�LQ�WKH�SKDVH�VFUHHQ�SODQH��/HW
V�LQWURGXFH�WKH�DQJOH�T EHWZHHQ�WKH�WDQJHQW�WR� WKH�SRLQW�&� WUDMHFWRU\� LQ� WKH�SKDVH�VFUHHQ�SODQH�DQG�2&�YHUWLFDO��'HSHQGLQJ�RQ�WKH�DQJOH�YDOXH�T GLIIHUHQW�FXWV�RI�WKH�DWPRVSKHUH�E\�WKH�UD\�$%�DUH�LPSOHPHQWHG��DW�T  ��± YHUWLFDO��DW�T  S ��± KRUL]RQWDO�FXWV�RI�WKH�DWPRVSKHUH��,Q�WKH�*UHHQZLFK�FRRUGLQDWH�V\VWHP��LQ�ZKLFK�WKH�SRLQW� %� LV� IL[HG�� WKH� YHORFLW\� RI� WKH� VWDWLRQ� LV� H[SUHVVHG� E\� LWV� FRPSRQHQWV�9 �  � 9 � � �9 � � �9 � � � � � � �� ZKHUH� 9 � � L V WKH� YHORFLW\� FRPSRQHQW� LQ� D� SODQH� $2%�SHUSHQGLFXODU�WR�WKH�VWUDLJKW�OLQH�$%��9 � LV�WKH�YHORFLW\�FRPSRQHQW�DORQJ�WKH�VWUDLJKW�OLQH $%��9 � LV� WKH� YHORFLW\� FRPSRQHQW� SHUSHQGLFXODU� WR� WKH� SODQH� $2%� �)LJ�� ������/HW
V� QRWLFH�� WKDWT D U F W J � 9 � � 9 � � DQG� WKH�YHORFLW\�RI� WKH�DWPRVSKHULF� LQKRPRJHQHLW\� LQWHUVHFWLRQ�E\� WKH�OLQH� $%� LQ� WKH� SRLQW� &�� ZLWKRXW� WDNLQJ� LQWR� DFFRXQW� WKH� UHIUDFWLRQ9 �9 � � �9 � � � � � � / � � / � � / � � ± � � | �9���9���� �� ��'XULQJ�RXU�PHDVXUHPHQWV� WKH�YDOXHV9���9�� 9�� 9� DQG T ZHUH�LQ�WKH�IROORZLQJ�OLPLWV� 9� | �����NP�V� 9� | ���y����NP�V� 9� | ����y����NP�V� 9� | ���y����NP�V�DQG T | ���y��q�7KH�VLJQDO�UHJLVWUDWLRQ�VWDUWHG����PLQXWHV�EHIRUH�WKH�UD\�SHULJHH�UHDFKHG�WKH�DOWLWXGH�+�| ���NP�DQG�ILQLVKHG�DIWHU�WKH�PLVV�RI�WKH�VLJQDO��7KH�FKDQJHV�RI�WKH�VLJQDO�DPSOLWXGH�GXH�WR�WKH�DWPRVSKHULF�LQIOXHQFH�ZHUH�EHLQJ�REVHUYHG�IRU���y���VHFRQGV GHSHQGLQJ�RQ�WKH�YHORFLW\YDOXH�9���7KH�UHFHLYHG�VLJQDO�ZDV�GHWHFWHG�E\�WKH�OLQHDU�GHWHFWRU�ZLWK�D�G\QDPLF�UDQJH����G%�DQG�WLPH�FRQVWDQW�HTXDO�WR������±� VHF��7KH�UHDGLQJV�RI�WKH�SRWHQWLDO�GLIIHUHQFH 8M��DSSURSULDWH�WR� WKH� UHFHLYHG� VLJQDO�� ZHUH� FDUULHG� RXW� ZLWK� WKH� IUHTXHQF\� ���� +]�� DQ� DQDORJ±WR±GLJLWDO�



��
FRQYHUWHU�GLJLWLVHG�WKHP�$IWHU� WKH� VLJQDO� UHJLVWUDWLRQ� WHUPLQDWLRQ� WKH� PHDVXUHPHQWV� RI� WKH� DPSOLWXGH�FKDUDFWHULVWLF�RI�WKH�FRPPXQLFDWLRQ�OLQN�EHWZHHQ�WKH�VWDWLRQ�0,5�± JHR�VWDWLRQDU\�VDWHOOLWH�±JURXQG�UHFHLYLQJ�VWDWLRQ�ZHUH�PDGH��$W�WKHVH�FDOLEUDWLRQ�PHDVXUHPHQWV�WKH�UHFHLYLQJ�DQWHQQD�RI� WKH� JHR�VWDWLRQDU\� VDWHOOLWH� �*(2�� ZHUH� GLUHFWHG� WR� WKH� JURXQG� PHDVXULQJ� VWDWLRQ�� 7KH�WUDQVPLWWHU�ZLWK�DQ�DQWHQQD VLPLODU�WR�WKRVH�XVHG�RQ�WKH�VWDWLRQ�0,5�PRXQWHG�RQ�WKH�JURXQG�VWDWLRQ� WUDQVPLWWHG� WKH� VLJQDO� LQ� WKH� *(2� GLUHFWLRQ�� )XUWKHUPRUH� WKH� UHFHLYHG� VLJQDO� ZDV�UHOD\HG� WR� WKH�(DUWK��ZKHUH� LWV� UHJLVWUDWLRQ�ZDV�HVWDEOLVKHG��7KXV�� WKLV�VLJQDO�SDVVHG�WKURXJK�WKH� VDPH� SDWK� DV� DW� WKH� RFFXOWDWLRQ� PHDVXUHPHQWV�� 6XFK� D� FDOLEUDWLRQ� E\� WKH� VWHSSLQJ� RI�HPLWWHG�SRZHU�RI�WKH�WUDQVPLWWHU�VLPLODU�WR�WKH�RQH�VHW�RQ�WKH�VWDWLRQ�0,5�ZDV�PDGH�RYHU�WKH�UDQJH�RI� VLJQDO� OHYHO� FKDQJHV� REVHUYHG� DW� WKH� RFFXOWDWLRQ��$FFRUGLQJ� WR� WKH� FDOLEUDWLRQ�GDWD�REWDLQHG�WKH�WKURXJK�JDLQ�FKDUDFWHULVWLF�RI�WKH�FRPPXQLFDWLRQ�OLQN ZDV GHWHUPLQHG�ZKLFK�ZDV�WDNHQ�LQWR�DFFRXQW�ZKLOH�SURFHVVLQJ�WKH�GDWD�RI�UDGLR�RFFXOWDWLRQ�PHDVXUHPHQWV�

�����3ULPDU\�GDWD�SURFHVVLQJ7KH�VLJQDO 8��W� UHJLVWHUHG�RQ�WKH�JURXQG�UHFHLYLQJ�VWDWLRQ�FRUUHVSRQGV�WR�WKH�FKDQJHV�RI�WKH�ILHOG�VWUHQJWK�(��+��� LQ�WKH ORFDWLRQ�RI�WKH�*(2�ZKLOH�WKH�VWDWLRQ�0,5�LV�JRLQJ�LQ�WKH�(DUWK¶V�VKDGRZ��$W�WKH�ILUVW�VWDJH�RI�WKH�GDWD�SURFHVVLQJ�WKH�PHDVXUHPHQWV�8�W� ZHUH�FRUUHFWHG�ZLWK� DOORZDQFH� IRU� WKH� WKURXJK� JDLQ� FKDUDFWHULVWLF� RI� WKH� FRPPXQLFDWLRQ� OLQN�� 7KHQ� WKH�GHSHQGHQFLHV� RI WKH� SRWHQWLDO� RQ� WLPH�8�W� ZHUH� WUDQVIRUPHG� LQWR� WKH� GHSHQGHQFLHV� RI� WKH�SRWHQWLDO�RQ� WKH�PLQLPDO�DOWLWXGH�RI� WKH�UD\�8�+��� )RU� WKH�GHILQLWLRQ RI +� WKH PLQLPDO�UD\�DOWLWXGH� XVLQJ� WKH�0,5�*(2� WUDMHFWRU\� GDWD� ZDV� HYDOXDWHG� DQG� WKH� UHIUDFWLRQ� HIIHFW� RQ� WKHEDVLV�RI� WKH�PRGHO�RI� WKH�H[SRQHQWLDO�DOWLWXGH�SURILOH�RI� WKH� UHIUDFWLYLW\�1�K� ZDV� WDNHQ� LQWR�DFFRXQW�� ZKHUH K� LV� WKH� DOWLWXGH� IURP� WKH� (DUWK� VXUIDFH� 7KH� PRGHO 1�K� SDUDPHWHUV� ZHUH�VHOHFWHG�ZLWK�DOORZDQFH�IRU�WKH�DYDLODEOH�GDWD�DERXW�VXUIDFH�YDOXHV�RI�WKH�UHIUDFWLYLW\��,Q�RXU�HVWLPDWLRQV�WKH�HUURUV�RI�DOWLWXGH�ELQGLQJ�FDQ�UHDFK r��NP�LQ�WKH�VWUDWRVSKHUH�DQG�r ����NP�LQ�WKH�WURSRVSKHUH��2Q�WKH�PHDVXUHPHQW�VSDFH�DSSURSULDWH�WR�DOWLWXGHV +�  ��y���NP�WKH�PHDQ�YDOXH�RI�SRWHQWLDO 8� SURSRUWLRQDO� WR� WKH�ILHOG�VWUHQJWK� LQ� WKH�IUHH�VSDFH (� ZDV�GHWHUPLQHG��7KH�8M UHDGLQJV�QRUPDOLVDWLRQ WR�WKH�YDOXH�DSSURSULDWH�WR�WKH�UDGLR�ZDYH SURSDJDWLRQ�LQ�WKH�DEVHQFH�RI�UHIUDFWLRQ�(M  8M �8� ZDV HIIHFWHG�IXUWKHU��6R�WKH�ILHOG�VWUHQJWK�QRUPDOLVHG�WR�OHYHO�RI� WKH� UDGLR� ZDYH SURSDJDWLRQ� LQ� WKH� DEVHQFH� RI� UHIUDFWLRQ� (�+�� (M� �(��ZDV� GHWHUPLQHG��WKHUHIRUH (�+� !��� �� $W� WKH� DQDO\VLV� RI�(�+�� FKDQJHV WKH� DOWLWXGH� GHSHQGHQFLHV� RI� WKH�



��
IOXFWXDWLRQ�GLVSHUVLRQ�V� DQG�WKH�VSHFWUD�RI�WKH�ILHOG�VWUHQJWK�IOXFWXDWLRQV *�)����KHUH )�LV�WKH�IUHTXHQF\�RI�DPSOLWXGH�VFLQWLOODWLRQ��ZHUH�GHWHUPLQHG�7KH�ILHOG�VWUHQJWK IOXFWXDWLRQ GLVSHUVLRQ�ZDV�FDOFXODWHG�DV

¦ »»¼º««¬ª � �� � ( ((P MV � ������
ZKHUH (� M LV D PHDVXUHG�YDOXH�� ( LV� LWV�DYHUDJH� ��P LV� WKH�QXPEHU�RI� �VDPSOHV��$W� WKH�V�GHILQLWLRQ WKH QXPEHU� RI�(M YDOXH LQGLFDWLRQV� GHSHQGHG� RQ� WKH� WLPH� LQWHUYDO 'W��7KH� WLPH�LQWHUYDO�ZDV�VHOHFWHG�XQGHU�WKH�FRQGLWLRQ�WKDW�WKH�PLQLPDO� UD\ DOWLWXGH�YDULHV�RQ�'+�� ��NP�LQ�WKH�'W WLPH� $W '+�� ��NP�WKH�QXPEHU�RI P VDPSOHV�DW�WKH�V� FDOFXODWLRQ YDULHG�IURP�����±DW�VWUDWRVSKHUH�SURELQJ�± XS�WR������DW�WKH�WURSRVSKHUH�ERWWRP�SURELQJ��7KH�VSHFWUXP�RI�WKH�VFLQWLOODWLRQV *�)� ZDV� GHWHUPLQHG� DFFRUGLQJ� WR� WKH� SURJUDP� RI� WKH� IDVW� )RXULHU� WUDQVIRUP��WKXV�WKH�GDWD�REVHUYHG�DW�WKH�LQWHUYDOV 'W | �y� V��DSSURSULDWH�WR�WKH�DOWLWXGH�LQWHUYDOV '+��|�y��NP ZHUH�XVHG� 7KH�UHJXODU�GHFUHDVH�RI�WKH�ILHOG�VWUHQJWK�DYHUDJH�OHYHO�DW�WKH�'W LQWHUYDOVZDV�WDNHQ�LQWR�DFFRXQW�DW�V� DQG *�)� GHILQLWLRQ�ZLWK�WKH�KHOS�RI�D�OLQHDU�DSSUR[LPDWLRQ��7KH�REWDLQHG� YDOXHV� RI� VSHFWUDO� GHQVLW\ *�)� ZHUH� VPRRWKHG� RQ� WKH� UHFWDQJXODU�ZLQGRZ��ZKLFK�ZLGWK�PHHWV�WKH�FRQGLWLRQ )�') ��7KH� W\SLFDO�GHSHQGHQFLHV�RI� WKH� ILHOG� VWUHQJWK�( RQ� WKH UD\�DOWLWXGH�+� DUH�VKRZQ�LQ�)LJ�� ����� &XUYHV� �� LQ� )LJ�� ���� VKRZ� D� IUDJPHQW� RI� W\SLFDO� PHDVXUHPHQWV� RI� WKH� VLJQDO�DPSOLWXGH�DW�WKH�DOWLWXGH�LQWHUYDO�IURP����XS�WR����NP��ZKHUH�WKH�DWPRVSKHULF�LQIOXHQFH�ZDV�DEVHQW��WKH\�JLYH�D�UHSUHVHQWDWLRQ�DERXW�VPDOO�( IOXFWXDWLRQV�GXH�WR�HTXLSPHQW�IDFWRUV��:KHQ�WKH�VWDWLRQ�0,5�LV�JRLQJ�LQ�WKH�(DUWK¶V�VKDGRZ�WKH�ILHOG�VWUHQJWK�PHDQ�YDOXH GHFUHDVHV DQG�WKH�VFLQWLOODWLRQ� GXH� WR� WKH� DWPRVSKHUH� VWDUW� WR� VKRZ� WKHPVHOYHV� VLPXOWDQHRXVO\�� 7KH� (�+�� ��GHSHQGHQFLHV LQ�)LJ������UHSUHVHQW�D�W\SLFDO�SDWWHUQ�RI�WKH�UDGLR�ZDYH�IOXFWXDWLRQV�ZLWK�VWURQJ�VSLNHV� �IRFXVLQJV�� DQG�GHHS� IDGLQJV��7KH�GHFUHDVH�RI�DQ�DYHUDJH� ¢(² OHYHO LV�GHWHUPLQHG�E\�UHIUDFWLYH�DWWHQXDWLRQ�DQG�DEVRUSWLRQ�RI�FHQWLPHWUH�UDGLR�ZDYHV��WKHVH�HIIHFWV�ZHUH�DQDO\VHG�LQ<DNRYOHY�HW�DO� >����D@��WKHUHIRUH�WKH\�DUH�QRW�FRQVLGHUHG�KHUH�,Q� YLHZ� RI� WKH� GLYHUVLW\� RI� PHWHRURORJLFDO� FRQGLWLRQV� LQ� GLIIHUHQW� UHJLRQV� ZH� KDYH�FRQGLWLRQDOO\� GLYLGHG WKH (�+�� GHSHQGHQFLHV LQWR� WZR� TXDOLWDWLYHO\� GLIIHUHQW� JURXSV�� 7KH�
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��
ILUVW� JURXS� LQFOXGHG� PHDVXUHPHQW� VHVVLRQV� LQ� ZKLFK� WKH� VKDUSO\� H[SUHVVHG� UHJXODU� (�+��FKDQJH LV�REVHUYHG LQ�WKH�ILHOG RI�WKH�WURSRSDXVH��L�H��LQ�WKH�LQWHUYDO�RI�WKH�DOWLWXGHV +� |�y���NP��&XUYH� �� LQ� )LJ�� ���� EHORQJV� WR� WKLV� JURXS��ZKHUH� WKH� YHUWLFDO� DUURZ� LQGLFDWHV� VWURQJ�(FKDQJH LQ�WKH�ILHOG�RI�WKH�WURSRSDXVH��,Q�)LJ������WKH�H[DPSOHV��W\SLFDO�RI�WKH�ILUVW�JURXS��RI�WKH�(�+�� GHSHQGHQFH DUH� VKRZQ LQ� WKH� ILHOG� RI� WKH� WURSRSDXVH�� WKH� VWUHWFKHG� KRUL]RQWDO� VFDOH�DOORZV� WR� VHH� D� WKLQ� VWUXFWXUH� RI� WKH� ( FKDQJH LQ� WKLV� DUHD� ,Q� )LJ�� ���� WKH� ( �� YDOXHVFRUUHVSRQG� WR� WKH� FRQGLWLRQ� RI� WKH� UDGLR�ZDYH� GLVWULEXWLRQ� LQ� WKH� DEVHQFH� RI WKH� UHIUDFWLRQ��ZKHQ� WKH� DWPRVSKHULF� LQIOXHQFH� LV� DEVHQW�� DQG ( ���� FRUUHVSRQGV� WR� WKH� DYHUDJH� UHIUDFWLYH�ZHDNHQLQJ�IRU +� �y���NP�DUH�YLVLEOH��6KDUS�FKDQJHV�RI�WKH�ILHOG�VWUHQJWK�IURP ( |����XS�WR( |���y�� GXH� WR� IRFXVLQJ� E\� WKLQ� VWUDWLILHG� LQKRPRJHQHLWLHV� RI� WKH� DWPRVSKHUH� DUH� VHHQ� RQ�FXUYHV���DQG���LQ�)LJ������ 7KH�DEVHQFH�RI�WKH�LQIOXHQFH�RI�WKH�REYLRXVO\�H[SUHVVHG�VWUDWLILHG�VWUXFWXUHV�LV�FKDUDFWHULVWLF IRU�WKH�VHFRQG�JURXS�RI�GHSHQGHQFLHV (�+�� QRW�RQO\�LQ�WKH�LQWHUYDO�RI���y���NP��EXW�DOVR�LQ�WKH�WURSRVSKHUH�DW�WKH�DOWLWXGHV�ORZHU�WKDQ���NP��7KH�PHDVXUHPHQW�VHVVLRQV�ZLWK�D�KLJKHU�OHYHO�RI�UDQGRP�IOXFWXDWLRQV�RQ�WKH�DOWLWXGHV�PRUH�WKDQ����NP�DQG�WKH�DEVHQFH� RI� D� VWURQJ� IRFXVLQJ HIIHFW� LQ� WKH� ILHOG� RI� D� WURSRSDXVH�ZHUH� JDQJHG� LQ� WKH� VHFRQG�JURXS��7KH�GHSHQGHQFH (�+��� VKRZQ�LQ�)LJ������FXUYH���UHSUHVHQWV�WKLV�JURXS�

�����506�DPSOLWXGH�IOXFWXDWLRQV�DQG�GHJUHH�RI�DWPRVSKHULF�WXUEXOHQFH
$W�ILUVW�ZH�VKDOO�FRQVLGHU�GHSHQGHQFLHV�RI�WKH�UPV�DPSOLWXGH�IOXFWXDWLRQV�RQ�D�PLQLPDO�DOWLWXGH�RI�WKH�UD\�V�+����,Q�)LJ������V YDOXHV REWDLQHG�DW�WKH�SURFHVVLQJ�RI�WKH�GHSHQGHQFLHV(�+�� IRU� VL[� PHDVXUHPHQW� VHVVLRQV� LQFOXGHG� LQ� WKH� ILUVW� JURXS� DUH� VKRZQ� E\� GLIIHUHQW�V\PEROV��,Q�WKLV�)LJXUH�D�VWURQJ�GLVSHUVLRQ�RI�WKH V YDOXHV RQ�WKH�DOWLWXGHV�IURP�����XS�WR����NP�� FRQQHFWHG�ZLWK� WKH� IDFW� WKDW�ERWK� UDQGRP�RVFLOODWLRQV�DQG� UHJXODU� VSLNHV�DQG� IDGLQJV (�FRQWULEXWH� WR V�� ,Q� WKH� VWUDWRVSKHULF� DUHD� DW +� !���NP� WKH�YDOXHV V DUH�QRW� ODUJH� DQG� WKH\�GHFUHDVH� ZLWK� LQFUHDVLQJ� WKH� DOWLWXGH +�� )LJ�� ���� JLYHV� WKH� GHSHQGHQFH V�+���� REWDLQHG�DFFRUGLQJ�WR�WKH�GDWD�RI�VL[�PHDVXUHPHQW�VHVVLRQV�LQFOXGHG�LQ�WKH�VHFRQG�JURXS��7KH�UHJXODU�LQFUHDVH� V ZLWK� GHFUHDVLQJ +� IURP� ��� XS WR� ��� NP�� D� UHODWLYH� SHUVLVWHQFH� RI� IOXFWXDWLRQ�LQWHQVLW\�LQ�WKH�DOWLWXGH�LQWHUYDO�IURP����XS�WR���NP�DQG�WKH�GHFUHDVH V LQ�WKH�WURSRVSKHUH�DW�GHFUHDVLQJ +� IURP���XS�WR�����NP�DUH�FKDUDFWHULVWLF�IRU�WKLV�JURXS��,Q�PHDVXUHPHQW�VHVVLRQV��VKRZQ� LQ� )LJ�� ����� WKH� PDLQ� FRQWULEXWLRQ� WR� WKH� ILHOG� VWUHQJWK� VFLQWLOODWLRQ� LV� PDGH
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E\�UDQGRP�LQKRPRJHQHLWLHV�RI�WKH�UHIUDFWLYH�LQGH[��DQG�WKH�FRQWULEXWLRQ�RI�VWUDWLILHG�VWUXFWXUHV�LV� QHJOLJLEOH� KHUH� %\� FRPSDULQJ� )LJ�� ���� DQG� ���� ZH� JHW� WKDW� LQ� WKH� VHFRQG� JURXS� RI�PHDVXUHPHQWV� D� KLJKHU� LQWHQVLW\� RI� DPSOLWXGH� IOXFWXDWLRQV LQ� WKH� VWUDWRVSKHUH LV� UHJXODUO\�REVHUYHG�� )RU� H[DPSOH�� DW +�  ��� NP� IRU� WKH� ILUVW� DQG� VHFRQG� JURXSV� WKH� YDOXHV V DUH�DFFRUGLQJO\�HTXDO������DQG������/HW
V�DQDO\VH� WKH�GHSHQGHQFLHV V �+�� DQG�UHYHDO�WKH�IHDWXUHV��ZKLFK�FDQ�EH�XVHG�DW�WKH�HVWLPDWLRQ�RI� WKH�DWPRVSKHULF�WXUEXOHQFH�GHJUHH�E\�WKH�UDGLR�RFFXOWDWLRQ�WHFKQLTXH��7ZR�IDFWRUV��QRW�FRQQHFWHG�ZLWK� WKH� WXUEXOHQFH� LPPHGLDWHO\��DIIHFW� WKH�GHSHQGHQFH V �+����7KH\�DUH�WKH�PHDQ�DOWLWXGH�SURILOH�RI�WKH�UHIUDFWLYLW\ 1�K� DQG�WKH�UHIUDFWLYH�DWWHQXDWLRQ�RI�WKH�ILHOG�VWUHQJWK ;��:H� VKDOO� WDNH� LQWR� DFFRXQW� WKH� LQIOXHQFH� RI� WKH� ILUVW� IDFWRU� ± 1�K�� FRQVLGHULQJ�UHODWLYH�IOXFWXDWLRQV�RI�WKH�UHIUDFWLYLW\�'1�1��7KH�YDOXHV ¢(² GLIIHU�IURP ; RQO\�E\�UDGLR�ZDYH�DEVRUSWLRQ� WKHUHIRUH� LW� LV� SRVVLEOH� WR� FRQVLGHU� WKDW ¢(² ; DW +� t�� NP�� )URP� WKH� ZDYH�SURSDJDWLRQ�WKHRU\�LQ�D�UDQGRP PHGLXP�LW�IROORZV��WKDW�V LV�SURSRUWLRQDOO\�UPV�GHYLDWLRQ '1��WKHUHIRUH�UHODWLYH�GLVFRQWLQXLW\�RI�WKH�HQYLURQPHQW�LQ�RXU�SUREOHP�FDQ�EH�FKDUDFWHULVHG�E\�WKH�IDFWRU '1�1�a V�1�>,VKLPDUX� ����@��,W�LV�WKH�VHFRQG�IDFWRU��L�H��WKH�LQIOXHQFH�RI�WKH�UHIUDFWLYH�DWWHQXDWLRQ� RQ� WKH� VFLQWLOODWLRQ� LQWHQVLW\� WKDW�ZH VKDOO� WDNH� LQWR� DFFRXQW� DFFRUGLQJ� WR� >:RR�HW�DO�������E��*XUYLFK� ����@��$FFRUGLQJ� WR� WKH�GDWD�RI� WKHVH�SXEOLFDWLRQV� LQ� WKH�FDVH�RI� WKH�LVRWURSLF� .ROPRJRURY� VSHFWUXP� WKH� UHIUDFWLYH� DWWHQXDWLRQ� GHFUHDVHV� WKH� IOXFWXDWLRQV� DV�FRQVLVWHQW�ZLWK�D�UHODWLRQ V V�& ���� �����+HUH V� LV�UPV�YDOXHV�RI�WKH�DPSOLWXGH�VFLQWLOODWLRQV��ZKLFK�ZRXOG�WDNH�SODFH�LI�D�VWDWLVWLFDOO\�LVRWURSLF�PHGLXP�ZLWKRXW�UHIUDFWLRQ�ZHUH�SUHVHQW�LQVWHDG�RI�WKH�UHDO�DWPRVSKHUH�ZLWK�D�VWURQJ�UHIUDFWLRQ� ; EHLQJ�UHIUDFWLYH�DWWHQXDWLRQ�RI� WKH�ILHOG�VWUHQJWK��7KH�H[SHULPHQWDO�GHSHQGHQFHV�+���� VKRZQ� LQ� )LJ�� ����� FRQILUPV� WKLV� WKHRU\� FRQFOXVLRQ�� ,Q� IDFW�� WKH� GHFUHDVH� RI� WKH�IOXFWXDWLRQ�LQWHQVLW\�RI�WKH�ILHOG�VWUHQJWK�ZLWK�GURSSLQJ�WKH DOWLWXGH�+� LV�REVHUYHG�IRU�+�� ��NP�� 7KH� VDPH� WHQGHQF\� LV� DOVR� VHHQ� LQ� )LJ�� ����� WKRXJK� WKH� LQIOXHQFH� RI� VWUDWLILHG�LQKRPRJHQHLWLHV�RI�WKH�WURSRVSKHUH�UHVXOWV�LQ�D�VWURQJ�GLVSHUVLRQ�RI�H[SHULPHQWDO YDOXHV�RI�V��7KXV�� DV� WKH� FKDUDFWHULVWLF� RI� WKH� WXUEXOHQFH� GHJUHH� RI� WKH� DWPRVSKHUH� DW� UDGLR� RFFXOWDWLRQ�PRQLWRULQJ�RQH�FDQ�WDNH�WKH�GHSHQGHQFH)�+�� V�+��¢(�+��²±���>1�+��@±�� �����)RU�WKH�FKDUDFWHULVDWLRQ�RI�)�+�� ZH�XVH�RXU�H[SHULPHQWDO�GHSHQGHQFLHV�V�+����;�+�� DQG�WKH�NQRZQ� DOWLWXGH� SURILOH� RI� WKH� UHIUDFWLYLW\� 1�+��� ,Q� )LJ�� ���� WKH� UHVXOWV� RI� WKH� GHILQLWLRQ�
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RI�WKH�)�+�� GHSHQGHQFH�DUH�SUHVHQWHG��FXUYH���FRUUHVSRQGV�WR�DYHUDJH�YDOXHV�RI�V DFFRUGLQJ�WR� WKH�GDWD�RI�)LJ�������DQG�WKH�GHSHQGHQFLHV���DUH�REWDLQHG�IRU�V LQ�)LJ�������:KLOH�PDNLQJ�XVH�RI�WKH�GHSHQGHQFH�V�+�� WKH�DYHUDJLQJ�RI�WKH�V YDOXHV�DW�WKH�DOWLWXGH�LQWHUYDOV�'+�  ��NP�ZDV�UHDOLVHG��,Q�)LJ������VROLG�FXUYHV�FRUUHVSRQG�WR�WKH�GHSHQGHQFH�V�1��ZKHQ�WKH�LQIOXHQFH�RI�WKH�UHIUDFWLYH�DWWHQXDWLRQ�RQ�WKH�IOXFWXDWLRQ�LQWHQVLW\�LV�QRW�WDNHQ�LQWR�DFFRXQW��DQG�WKH�GRWWHG�FXUYHV� FRUUHVSRQG� WR� ������� L�H�� WKH� LQIOXHQFH� RI� UHIUDFWLYH� DWWHQXDWLRQ� LV� WDNHQ� LQWR�FRQVLGHUDWLRQ�)URP� WKH� FRPSDULVRQ�RI� FXUYHV��� DQG��� LQ�)LJ������ LW� IROORZV�� WKDW� WKH�YDOXHV�RI� WKHDWPRVSKHULF�LQKRPRJHQHLW\�FKDUDFWHULVWLF�) IRU�WKH�ILUVW�DQG�VHFRQG�PHDVXUHPHQW�JURXSV�IRU�WKH�VWUDWRVSKHULF�DUHD�GLIIHU�VWURQJO\�HQRXJK��)RU�WKH�VHFRQG�PHDVXUHPHQW�JURXS��ZKHQ�WKHUH�DUH� QR� H[SOLFLWO\� GHILQHG� IRFXVLQJ� RU� GHFUHDVLQJ� WKH� ILHOG� VWUHQJWK� FDXVHG� E\� WKH� VWUDWLILHG�VWUXFWXUHV��ZKHQ� WKH\� DUH� GHVWUR\HG� E\� WKH� LQFUHDVHG� DWPRVSKHULF� WXUEXOHQFH� )�+�� KDV� DQ�LQFUHDVHG� YDOXH� LQ� WKH� VWUDWRVSKHUH�� L�H�� DW� WKH� DOWLWXGHV� RI� ��� y��� NP� ,Q� WKLV� LQWHUYDO� RI�DOWLWXGHV�) GRHV�QRW�GHSHQG�RQ +���EXW�DW +� � ���NP�WKH�PRQRWRQRXV GHFUHDVH RI ) LV�VHHQ�ZLWK�WKH�GHFUHDVH�RI�WKH�DOWLWXGH +���7KH�IDVW�GHFUHDVH�RI�) ZKLOH�FKDQJLQJ�WKH�DOWLWXGH�IURP���� XS� WR� ��� NP�� VPDOO� YDOXHV� DW +�  ��y��� NP� DQG�� SUDFWLFDOO\�� WKH� SHUVLVWHQFH�) LQ� WKH�LQWHUYDO� RI� DOWLWXGHV +�  ��y��� NP� DUH� SHFXOLDU� IRU� WKH� ILUVW� JURXS� RI� PHDVXUHPHQWV�$SSDUHQWO\��UDWKHU�ZHDN�DWPRVSKHULF�WXUEXOHQFH�ZDV�DW�WKH�DOWLWXGHV�RI���y���NP�LQ�WKLV�FDVH��)RU +� ����NP�LQ�WKH�ILUVW�JURXS ) KDV�D�JUHDWHU�YDOXH�WKDQ�LQ�WKH�VHFRQG�PHDVXUHPHQW�JURXS��,W� LV� FRQQHFWHG�ZLWK� WKH� IDFW� WKDW WKH� VWUDWLILHG� VWUXFWXUHV� SUHVHQW� LQ� WKH� ILUVW� JURXS� JLYH� WKH�FRQVLGHUDEOH�FRQWULEXWLRQ�WR�WKH�H[SHULPHQWDO�YDOXHV�RI�V��7KXV��WKH�FKDUDFWHULVWLFV V �+�� RU)�+�� IRU +�����NP�GR�QRW�JLYH�DQ\�REMHFWLYH�LQIRUPDWLRQ�DERXW�WKH�DWPRVSKHULF�WXUEXOHQFH�LQ� WKLV� FDVH� ,Q� WKH� FDVH� RI� WKH� VWDEOH� DWPRVSKHUH��ZKHQ� WKH� WXUEXOHQFH� LV� QRW� ODUJH� DQG� WKH�LQYHUVLRQ�VWUDWLILHG�VWUXFWXUHV�DSSHDU��RQH�VKRXOG�HOLPLQDWH�WKH�FRQWULEXWLRQ�RI�VXFK�VWUXFWXUHV�LQWR V DQG��WKHUHIRUH��LQ�WKH�FKDUDFWHULVDWLRQ�RI�WKH�WXUEXOHQFH )�+���

�����$PSOLWXGH�VSHFWUD�DQG�VSHFWUD�RI�WKH�UHIUDFWLYH�LQGH[�IOXFWXDWLRQV
:H� VKDOO� FRQVLGHU� WKH� EHKDYLRXU� RI� WKH� DPSOLWXGH VFLQWLOODWLRQ� VSHFWUD�*�)� IRU� GLIIHUHQW�DOWLWXGHV +��� ,Q� )LJ�� ���� WKH� H[DPSOHV� RI� VSHFWUD *�)�� REVHUYHG� DW� WKH� � UDGLR�
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RFFXOWDWLRQ�PHDVXUHPHQWV LQ�WZR�UHJLRQV�DUH�VKRZQ��ZHUH )�LV�WKH�VFLQWLOODWLRQ�IUHTXHQF\��7KH�FRQGLWLRQV�RI�PHDVXUHPHQWV�LQ�WKHVH�H[SHULPHQWV�ZHUH�DSSUR[LPDWHO\�LGHQWLFDO��7KH�DQJOH�RI�VHWWLQJ T ZDV�HTXDO�WR�����q LQ�PHDVXUHPHQWV�DERYH�.D]DNKVWDQ��DQG�WKH�YDOXHV�RI�YHUWLFDO��KRUL]RQWDO� DQG� FRPSOHWH� YHORFLW\� RI� WKH� LQKRPRJHQHLW\� WUDQVIHU�ZLWKRXW� WDNLQJ� LQWR� DFFRXQW�WKH� UHIUDFWLRQ�ZHUH�9� �����NP�V� 9� �����NP�V� DQG 9 �����NP�V� )RU�PHDVXUHPHQWV� LQ� D�UHJLRQ�RI�WKH�,QGLDQ�2FHDQ�ZH�KDG�T  ����q � 9� �����NP�V� 9� �����NP�V�DQG 9 �����NP�V��6SHFWUD� ��� �� DQG� �� FRUUHVSRQG� WR� WKH� DYHUDJH� DOWLWXGHV +�  ��� ��� DQG� ��� NP�� 9HUWLFDO��VHJPHQWV�LQ�)LJ������VKRZ�����FRQILGHQFH�LQWHUYDOV�)URP�WKH�ZDYH�SURSDJDWLRQ�WKHRU\�LQ�UDQGRP�PHGLD�ZLWK�D�SRZHU�ODZ�RI�WKH�UHIUDFWLYH�LQGH[� VSHFWUXP LW� IROORZV� WKDW� WKH� VSHFWUXP *�)� FDQ� EH� GHVFULEHG� E\� WKH� FKDUDFWHULVWLF�IUHTXHQF\�)� DQG�E\�WKH�ODZ�RI�VSHFWUDO�GHQVLW\ FKDQJH *�a)�±Q DW� ) !!)� >,VKLPDUX������@��7KH�IUHTXHQF\ )� LV�D�ERXQGDU\�EHWZHHQ�WZR�DUHDV�RI�WKH�GHSHQGHQFH *�)���,Q�WKH�ILUVW�DUHD DW)���)� VSHFWUDO�GHQVLW\�RI�IOXFWXDWLRQV�GHSHQGV�VOLJKWO\�RQ ) DQG�LQ�WKH�VHFRQG�DUHD DW )�!�)���* GLPLQLVKHV�DV *�a)�±Q ZLWK�HOHYDWLRQ�RI )� 7KH�IUHTXHQF\ )� LV�GHWHUPLQHG�DV�D�FURVV�SRLQW�RI� D� ORZ±IUHTXHQF\� DV\PSWRWH *�)�o �� IRU� WKH� ILUVW� DUHD� DQG� KLJK±IUHTXHQF\� DV\PSWRWH*�)!!)�� IRU� WKH� VHFRQG� DUHD�� )RU� WKH� WXUEXOHQW� PHGLXP� ZLWK� D� SRZHU� ODZ� RI� VSDWLDO�VSHFWUXP�RI�WKH�UHIUDFWLYH�LQGH[�IOXFWXDWLRQV�WKH�WKHRU\�>,VKLPDUX������@�LQ�WKH�DSSUR[LPDWLRQ�RI�ZHDN�IOXFWXDWLRQV�\LHOGV�WKH�IROORZLQJ�UHODWLRQV�) � � | J9 � SO / � ± � � � � �����Q� �S�±�� �����ZKHUH S� LV� WKH� VSHFWUDO� LQGH[� 9� LV� WKH YHORFLW\� RI� LQKRPRJHQHLW\� LQWHUVHFWLRQ� E\� WKH� UD\�/ /�/� �/��/�� ±�� J LV D FRHIILFLHQW�RI�WKH�RUGHU�RI�XQLW\�7KH� DWPRVSKHUH� FDQQRW� EH� FRQVLGHUHG� DV� D� KRPRJHQHRXV� LVRWURSLF�PHGLXP� DW� UDGLR�RFFXOWDWLRQ� PHDVXUHPHQWV� RQ� WKH� VDWHOOLWH� WR� VDWHOOLWH� OLQN�� 7KH� YHUWLFDO� JUDGLHQW� RI� WKH�UHIUDFWLYH�LQGH[�UHVXOWV�LQ�D�IRUP�GHIRUPDWLRQ�RI�WKH�ILUVW�)UHVQHO�]RQH�DQG�LQ�GHFUHDVLQJ�WKH�WUDQVYHUVH�YHORFLW\�RI�UD\�PRYLQJ�LQ�WKH�DWPRVSKHUH� ,W�LV�DOVR�NQRZQ WKDW�WKH�UHIUDFWLYH�LQGH[�LQKRPRJHQHLWLHV�DUH� VWURQJO\�KRUL]RQWDOO\�SURODWHG� LQ� WKH�VWUDWRVSKHUH��7KHVH�UHDVRQV�VKRXOG�UHVXOW�LQ�WKH�FKDQJH�RI�WKH�UDGLR�ZDYH�IOXFWXDWLRQ�VSHFWUD��7KH�DQDO\VLV�RI�WKH�HIIHFW�RI�UHJXODU�UHIUDFWLRQ�DQG�LQKRPRJHQHLW\�DQLVRWURS\��DW�UDGLR�RFFXOWDWLRQ�PHDVXUHPHQWV�ZDV�FDUULHG�RXW�LQ�>:RR� HW� DO�� ����D@� /HW
V� IXUWKHU� WDNH� DGYDQWDJH� RI� WKH� UHVXOWV� RI� WKLV�ZRUN� $FFRUGLQJ� WR�>:RR� HW� DO�������D@� WKH� UHJXODU� UHIUDFWLRQ� DQG� LQKRPRJHQHLW\� DQLVRWURS\� GR� QRW� FKDQJH� WKH�VSHFWUXP� IRUP� LQ� WKH� KLJK±IUHTXHQF\� DUHD� DW ) !� )��� ZKHUH *� a)� ±Q�� ZKLFK� DOORZV� WR�



��
GHWHUPLQH� WKH� YDOXHV� RI� WKH� LQGH[ Q DQG�� DFFRUGLQJ� WR� ������� VSHFWUDO� LQGH[ S IURP� WKH�H[SHULPHQWDO�GHSHQGHQFLHV *�)���$W�WKH�VDPH�WLPH�WKH�HIIHFW�RI�GHIRFXVLQJ�DQG�DQLVRWURS\�RI�LUUHJXODULWLHV�JLYH�ULVH�WR�WKH�FKDQJH�RI�YDOXH )� GHSHQGLQJ�RQ�WKH�VHWWLQJ�DQJOH�T �:H�VKDOO�FRQVLGHU� WKH�GHSHQGHQFH Q DQG S RQ� WKH�DOWLWXGH��7KH�Q DQG S YDOXHV KDYH�EHHQ� GHILQHG� DFFRUGLQJ� WR� WKH� UHVXOWV� RI� WKH� DQDO\VLV� RI� ���� DPSOLWXGH� IOXFWXDWLRQ� VSHFWUD�REWDLQHG�IRU�GLIIHUHQW�UHJLRQV�ZKLOH�FKDQJLQJ�WKH�PLQLPDO�DOWLWXGH�RI�WKH�UD\�+� IURP����XS�WR�����NP��7KH�PHDQ�YDOXHV�RI�WKH�FRHIILFLHQW�Q �OHIW�D[LV�RI�RUGLQDWHV��DQG�VSHFWUDO�LQGH[ S �ULJKW�D[LV�RI�RUGLQDWHV��IRU�GLIIHUHQW�DOWLWXGHV�+� DUH�VKRZQ�E\�GRWV�LQ�)LJ�������(DFK�GRW�LQ�)LJ������KDV�EHHQ�REWDLQHG�DV�D� UHVXOW�RI�GDWD�DYHUDJLQJ� IRU���y���VSHFWUD�DQG� WKH�YHUWLFDO�VHJPHQWV�FKDUDFWHULVH� D� UPV� GHYLDWLRQ� RI� Q�� FRQQHFWHG� ZLWK� YDULDWLRQV� RI� WKLV� YDOXH� LQ� WKH� UHJLRQV�LQYHVWLJDWHG��WKH�EURNHQ�GDVKHG�OLQH�GHVFULELQJ�WKH�DYHUDJHG�H[SHULPHQWDO�GHSHQGHQFH Q�+���7KUHH�LQWHUYDOV�FDQ�FRQGLWLRQDOO\�EH�VHOHFWHG�LQ�WKLV�GHSHQGHQFH��,Q�WKH�WURSRVSKHUH�DW +��d �NP� WKH� LQGH[ Q XQGHUJRHV� VOLJKW� FKDQJHV�ZLWK� WKH�DOWLWXGH�DQG� LWV� DYHUDJH�YDOXH Q ���r����FRUUHVSRQGV� ZHOO� WR� WKH� VSHFWUDO� LQGH[� RI� WKH� .ROPRJRURY VSHFWUXP S Q�� ������ ,Q� WKH�VWUDWRVSKHUH�DW +� ��y���NP�H[SHULPHQWDO Q ����r �����LW�SUDFWLFDOO\�GRHV�QRW�GHSHQG�RQ�WKH�DOWLWXGH�� 7KH� VSHFWUDO� LQGH[ S ���r ���� DSSURSULDWH� WR� WKLV Q GLIIHUV� HVVHQWLDOO\� IURP� WKH�WKHRUHWLFDO� YDOXH S ������$W� WKH� DOWLWXGHV� IURP� �� XS� WR� ��� NP� Q YDOXHV�� DFFRUGLQJ� WR� WKH�PHDVXUHPHQW�UHVXOWV�LQ�GLIIHUHQW�UHJLRQV��YDU\�RYHU�D�ZLGH�UDQJH��ZKLFK�LV�LQ�JHQHUDOO\�FDXVHG�E\�D�GLIIHUHQW�DOWLWXGH�RI�WKH�WURSRSDXVH�LQ�WKHVH�UHJLRQV��7KH�OLQHDU�GHSHQGHQFH�Q�+��� VKRZQ�LQ� )LJ�� ���� IRU� WKLV� DOWLWXGH� LQWHUYDO� LV� FRQGLWLRQDO�� 7KH� GLIIHUHQFH� EHWZHHQ� PHWHRURORJLFDO�FRQGLWLRQV�LQ�WKH�UHJLRQV�LQYHVWLJDWHG�DQG�WKH�HUURUV�RI�GHILQLQJ Q VWLSXODWH�D�UDQGRP�FKDUDFWHU�RI�WKH�LQGH[�Q FKDQJHV�ZLWK�WKH�VDPH�+��YDOXH��,Q�WKLV�FRQQHFWLRQ�ZH�VKDOO�FRQVLGHU�HPSLULFDO�SUREDELOLW\�GHQVLW\�IXQFWLRQV RI�Q YDOXHV��VKRZQ�LQ�)LJ�������,Q�)LJ������Q DUH�LQGLFDWHG�RQ�WKH�KRUL]RQWDO� D[LV� DQG� D� UHODWLYH� REVHUYDWLRQ� IUHTXHQF\� RI� Q YDOXH LQ� WKH� LQWHUYDO ' Q ����H[SUHVVHG�LQ�SHUFHQWDJH�LV�VKRZQ�RQ�WKH�YHUWLFDO�D[LV��7KH�ZLGWK�RI�DQ�LQWHUYDO ' Q��VKRZQ�LQ�WKH�ILJXUH�E\�KRUL]RQWDO�VHJPHQWV��FRUUHVSRQGV�WR�DQ�HPSLULFDO�HUURU�RI�Q GHILQLWLRQ�HVWLPDWHG�E\�XV��,Q�)LJ�����D�WKH�Q GLVWULEXWLRQ LQ�WKH�WURSRVSKHUH�LV�VKRZQ�E\�WKH�UHVXOWV�RI�WKH�DQDO\VLV�RI� ��� DPSOLWXGH� VFLQWLOODWLRQ� VSHFWUD� REWDLQHG� IRU� DOWLWXGHV +� IURP� ���� XS� WR� �� NP� 7KH�GLVWULEXWLRQ�RI�Q YDOXHV�LQ�WKH�VWUDWRVSKHUH�FRQVWUXFWHG�DFFRUGLQJ�WR�WKH�GDWD�RI�WKH����VSHFWUD�DQDO\VLV��REWDLQHG�DW�WKH�PHDQ�+� YDOXHV LQ�WKH�LQWHUYDO�IURP����XS�WR����NP��LV�VKRZQ�LQ�)LJ�����E��
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)URP�)LJ������LW�IROORZV��WKDW�GLVWULEXWLRQ RI�WKH�LQGH[ Q LQ�WKH�WURSRVSKHUH�DQG�VWUDWRVSKHUH�GLIIHU�HVVHQWLDOO\��)RU�WKH�WURSRVSKHUH�LQ�����RI�FDVHV Q ���r ����DQG�WKH�VSHFWUDO�LQGH[S Q�� ���r ���� DSSURSULDWH�WR�WKLV�YDOXH��LV�FORVH�WR S ������GHVFULELQJ�FODVVLFDO�WXUEXOHQFH�REH\LQJ�WR�WKH�.ROPRJRURY�ODZ��)RU�WKH�VWUDWRVSKHUH�LQ�����RI�FDVHV Q ���r �����EHVLGHV�DQ�DGGLWLRQDO�PD[LPXP�LV�REVHUYHG�DW Q ����LQ�Q GLVWULEXWLRQ��7KXV��Q��FRUUHVSRQGLQJ�WR�WKH�.ROPRJRURY�VSHFWUXP�DUH�REVHUYHG�RQO\�LQ�����LPSOHPHQWDWLRQV�/HW¶V�FRQVLGHU�WKH�RWKHU�SDUDPHWHU�GHVFULELQJ�WKH�DPSOLWXGH�IOXFWXDWLRQ�VSHFWUXP��L�H��IUHTXHQF\ )��� 7KH� UDQJH� RI� WKH�)� YDULDWLRQV DW� WKH� UDGLR� RFFXOWDWLRQ�PHDVXUHPHQW� RI WKH�DWPRVSKHUH� DW� DOWLWXGHV� IURP� ���� XS� WR� ��� NP� KDV� FRQVWLWXWHG� IURP� ���� XS� WR� ��� +]� ZLWK�FKDQJLQJ�WKH�LQKRPRJHQHLW\�LQWHUVHFWLRQ�YHORFLW\ 9 E\�WKH�UD\�LQ�WKH�SRLQW�&��)LJ�������IURP�����XS�WR�����NP�V��)RUPXOD�������HYDOXDWLRQV�IRU�VXFK�PHDVXUHPHQW�FRQGLWLRQV�JLYH�WKH�UDQJH�RI�)� FKDQJH IURP�����XS�WR����+]��7KH�UHDVRQV�RI�H[SHULPHQWDO�DQG�WKHRUHWLFDO�GLIIHUHQFH�RI�)� YDOXHV DUH� H[SODLQHG� E\� WKH� IROORZLQJ��7KH� VSHFWUD *�)��� LQ�ZKLFK� WKH� H[SHULPHQWDO�)�YDOXHV DUH�PRUH�WKDQ�WKHRUHWLFDO�RQHV��DUH�REVHUYHG�LQ�WKH�WURSRVSKHUH��ZKHQ�UPV�IOXFWXDWLRQV�RI� WKH� ILHOG� VWUHQJWK�V t ����� ,Q� WKLV� FDVH� DPSOLWXGH� IOXFWXDWLRQV� FDQQRW� EH� FRQVLGHUHG�ZHDN�DQ\�PRUH�DQG��DV�LW�IROORZV�IURP�>)DQWH������@ WKH VSHFWUXP *�)� EURDGHQLQJ�RFFXUV�DQG�WKH�FKDUDFWHULVWLF� IOXFWXDWLRQ� IUHTXHQF\� )� GRHV� QRW� PHHW� WKH� UHODWLRQ� ������� $W� V ����� WKH�H[SHULPHQWDO�)� YDOXHV� REWDLQHG� E\� XV DUH� HTXDO� RU� OHVV� WKDQ� WKHRUHWLFDO� RQHV�� ,Q� WKH�ZRUN�>:RR�HW DO�������D@� LW� LV� VKRZQ�� WKDW� WKH� DWPRVSKHULF� LQKRPRJHQHLW\�DQLVRWURS\�DQG� UHJXODU�UHIUDFWLRQ� FKDQJH� )�� YDOXHV� 7KH� LQKRPRJHQHLW\� DQLVRWURS\� LV� FKDUDFWHULVHG� E\� DQLVRWURS\�FRHIILFLHQW� K t ��� GHWHUPLQHG� DV� WKH� UDWLR� RI� D� FKDUDFWHULVWLF� KRUL]RQWDO� VFDOH� RI� WKH�LUUHJXODULWLHV� WR� D�YHUWLFDO� VFDOH��7KH� FDOFXODWLRQV�PDGH�E\�:RR�HW�DO�� >����D@�VKRZ�� WKDW� LQ�WKDW� VSHFLILF� FDVH K �;� ±� WKH� VKDSH� RI� � WKH� VSHFWUXP *�)��ZLOO� EH� WKH� VDPH�DV�RQH� DW� WKH�LVRWURSLF� LUUHJXODULWLHV� RI� WKH� UHIUDFWLYH� LQGH[�� QHYHUWKHOHVV�� WKH� FKDUDFWHULVWLF� IUHTXHQF\� RI�IOXFWXDWLRQV )� WKXV� YDULHV�� 7KH� )� FKDQJH RFFXUV� EHFDXVH� RI� D� VL]H� GHFUHDVH RI� WKH� ILUVW�)UHVQHO�]RQH�LQ�WKH�YHUWLFDO�GLUHFWLRQ U | ; � O / � � � � �����DQG� D� GHFUHDVH� RI� WKH� WUDQVYHUVH� UD\� SDWK� YHORFLW\� LQ� D� SRLQW�&� �)LJ�� ����� GXH� WR� UHIUDFWLRQ�LQIOXHQFH� 9 
  > �;9 � � � � �; �9 � � � @ � � � � �����7KH�GLIIHUHQFH�EHWZHHQ�9
 DQG�9 �IRUPXOD����� LV�GXH�WR�WKH�UHJXODU�UHIUDFWLRQ�LQIOXHQFH�/HW
V�GLVFXVV�WKH�UHODWLRQ�EHWZHHQ�WKH�VSHFWUXP *�)� DQG�VSDWLDO�VSHFWUXP�RI�UHIUDFWLYH�
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LQGH[� IOXFWXDWLRQV�:�� 7KH� IUHTXHQF\� VSHFWUD�*�)� FDQ� EH� FRQYHUVHG� LQWR� RQH±GLPHQVLRQDO�VSDWLDO� VSHFWUD� RI� UHIUDFWLYH LQGH[� IOXFWXDWLRQV�:� ��� ZKHUH   �S �O �S)�9
� LV� D� VSDWLDO�QXPEHU� O�LV�D�VFDOH�RI�LQKRPRJHQHLW\��RQ�WKH�EDVLV�RI�WKH�³IUHH]LQJ´�K\SRWKHVLV��DVVXPLQJ�WKDW�ZKLOH�FXWWLQJ�WKH�DUHD�FRQWDLQLQJ�LQKRPRJHQHLWLHV�E\�WKH�UD\��WKHLU�VSDWLDO�GLVWULEXWLRQ�GRHV�QRW�YDU\�� ,Q� WKLV� FDVH� WKH� RQH±GLPHQVLRQDO� VSDWLDO� � VSHFWUXP� RI� UHIUDFWLYH� LQGH[� IOXFWXDWLRQV� LV�SRVVLEOH�WR�SUHVHQW�DV� : � �  � � S � ± �9 
* �  9 
 � � S � � �����ZKHUH 9
 LV�GHWHUPLQHG�DFFRUGLQJ�WR��������,I�WKH�LQKRPRJHQHLWLHV�RI�WKH�UHIUDFWLYH LQGH[�DUH�VWDWLVWLFDOO\� LVRWURSLF�� WKH�VSDWLDO�VSHFWUD :� � VKRXOG�QRW�GHSHQG�RQ�WKH�DQJOH�T �)LJ��������7KH�GHSHQGHQFH�RI�VSHFWUD :� � RQ�T LV�REVHUYHG� LQ�RXU�PHDVXUHPHQWV� ,Q� WKH�FDVH RI� WKH�LQKRPRJHQHLWLHV�� VWURQJO\� SURODWHG� RQ� WKH� KRUL]RQWDO�� L�H�� VWUDWLILHG� VWUXFWXUHV�� WKH� IUHTXHQF\�VSHFWUD� RI� WKH� DPSOLWXGH VFLQWLOODWLRQV�*�)�� VKRXOG�� LQ� JHQHUDO�� EH� GHWHUPLQHG� E\� YHUWLFDO�YHORFLW\ 9� DQG�WKH�VSHFWUD�PHDVXUHG�ZLOO�EH�VLPLODU�ZKLOH�FRQYHUWLQJ�WKHP�WR�YHUWLFDO�ZDYH�QXPEHUV  � �S)�9��� ,Q� WKLV� FDVH� WKH� RQH±GLPHQVLRQDO� VSDWLDO� VSHFWUD�:� �� DORQJ� WKH�YHUWLFDO DUH� DOVR� GHWHUPLQHG� E\� ������ ZKLOH� VXEVWLWXWLQJ�9 
  �; �9� LQ� LW� L�H�� WKH� YHUWLFDO�YHORFLW\�ZLWK�DOORZDQFH�IRU�WKH�UHIUDFWLRQ�,Q� )LJ�� ����� WKH� H[DPSOHV� RI� VSHFWUD :� ���� REWDLQHG DW� PHDVXUHPHQWV� ������������GDUN� V\PERO�� DQG������������ �OLJKW� V\PERO��DUH� VKRZQ��7KH�YDOXHV�RI� WKH�YHUWLFDO� VFDOH�RI�LQKRPRJHQHLW\ O� �S � ��DUH� ODLG�RII� DV� DEVFLVVD� DQG� WKH�:� ���YDOXH DV RUGLQDWHV�� ,Q�)LJ�������VSHFWUD :� ����REVHUYHG�RQ� WKH�DYHUDJH�DOWLWXGH +� ���NP�DUH�PDUNHG�E\�VTXDUHV��E\�WULDQJOHV�± DW +� ���NP��DQG�E\�FLUFOHV�DQG�GLDPRQGV�± DW +� ���NP��'HVSLWH�WKH�GLIIHUHQFH�RI� FOLPDWLF� FRQGLWLRQV�� FRRUGLQDWHV�� WLPH� RI� GD\� DQG� WUDMHFWRU\�� RQ� ZKLFK� ³VOLW´� RI� WKH�DWPRVSKHUH�ZDV�PDGH�� WKH� VSHFWUD :� �� LQ� )LJ�� ����� GHPRQVWUDWH� D� JRRG� UHFXUUHQFH��7KH�VSHFWUD :� �� KDYH� D� PD[LPXP� VSHFWUDO� GHQVLW\� DW� VL]HV O� �S � � ���� y ���� P� LQ� WKH�VWUDWRVSKHUH�LQ�WKH�DOWLWXGH�UDQJH�IURP����XS�WR����NP��$W�VL]HV�O�d ����P�WKH�VSHFWUDO�GHQVLW\:� �� GLPLQLVKHV�DV  �±�����DW�OHDVW�WR�O� | ���P�
�����([SHFWHG�VFLQWLOODWLRQV�RI�WKH�GHFLPHWUH�ZDYHV�DQG�WHFKQLTXH�RI�DQDO\VLV�RI�WKH�DWPRVSKHULF�LUUHJXODULWLHV

([SHULPHQWDO�GDWD�RI�VFLQWLOODWLRQV�RI� � WKH�FHQWLPHWUH�ZDYH��O ��FP��FDQ�EH�XVHG�IRU�FDOFXODWLRQ� RI� IOXFWXDWLRQ� FKDUDFWHULVWLFV� RI� WKH� GHFLPHWUH� ZDYH� �O ��� FP��� 6FLQWLOODWLRQV�



��



��
DUH�GHILQHG�E\�WKH�SDUDPHWHU�Q �������FKDUDFWHULVWLF�VFLQWLOODWLRQ�IUHTXHQF\�)R DQG�GLVSHUVLRQ�V��� ,Q� DFFRUGDQFH�ZLWK� ������ WKH�SDUDPHWHU Q GHSHQG�RQO\�RQ� WKH� VSHFWUDO� LQGH[�S RI� VSDWLDO�VSHFWUXP� RI� WKH� UHIUDFWLYH� LQGH[�� 7KH� FKDUDFWHULVWLF� IUHTXHQF\� RI� VFLQWLOODWLRQV� )R DQG�GLVSHUVLRQ��V� GHSHQG�RQ�ZDYH�OHQJWK�DQG�JHRPHWU\�RI�UDGLR�RFFXOWDWLRQ��7KH�IUHTXHQF\�)R LV�H[SUHVVHG� E\� D� UHODWLRQ� ������ DQG� GLVSHUVLRQ� RI� VFLQWLOODWLRQ� FDQ� EH� H[SUHVVHG� DV� >,VKLPDUX������@ V��a O�S����� �/�/����/��� /����S����� �����ZKHUH� /� DQG� /� DUH� GLVWDQFHV� IURP� WKH� UHFHLYHU� DQG� WKH� WUDQVPLWWHU� XS� WR� WKH� SUREHG�DWPRVSKHULF�DUHD��)LJ�������7KH�SDUDPHWHU�/� �/�/����/��� /�� LV�WKH�VDPH�IRU�0,5�*(2�DQG�*36�&+$03� UDGLR� RFFXOWDWLRQ� PHDVXUHPHQWV�� 2QH� FDQ� REWDLQ� H[SHFWHG� YDOXHV� RI� WKH�FKDUDFWHULVWLF� IUHTXHQF\�)R DQG�UPV�DPSOLWXGH�IOXFWXDWLRQV�V IRU�O  ����FP�XVLQJ�UHODWLRQV��������������DQG��������DQG�WKH�H[SHULPHQWDO�GDWD�IRU�O  ���FP�SUHVHQWHG�RQ�)LJ�����������DQG����� 7KH�H[SHFWHG�UPV�DPSOLWXGH�IOXFWXDWLRQV�V�� IRU�O  ����FP�DW�WKH�DOWLWXGHV�RI���y���NP�FDQ�EH�H[SUHVVHG�DV��LI��S  ������V��  �V� �������S�����  �������V� ������ZKHUH�V� LV��WKH�UPV�DPSOLWXGH�IOXFWXDWLRQV�IRU�O  ���FP��)RU +R � ��NP�V�� LV�HTXDO�WR�����V���LI��S  �����7KXV� WKH� UPV� DPSOLWXGH� IOXFWXDWLRQV� LQ� GHFLPHWUH� UDQJH� DUH� H[SHFWHG� E\� �y�� WLPHV�VPDOOHU�WKDQ�LQ�FHQWLPHWUH�UDQJH��7KH�FKDUDFWHULVWLF� IUHTXHQF\�RI� WKH�DPSOLWXGH�VFLQWLOODWLRQV�DUH�H[SHFWHG�E\���WLPH�ORZHU�WKDQ�LQ�FHQWLPHWUH�UDQJH��7KH� FDOFXODWLRQV� VKRZ� WKDW� WKH� OHYHO� RI� WKH� H[SHFWHG� DPSOLWXGH� IOXFWXDWLRQV� RI� WKH�GHFLPHWUH�UDGLR�ZDYHV�LV�VXIILFLHQW�WR�DQDO\VH�WKH�LQWHQVLW\�RI�WKH�DWPRVSKHULF�LUUHJXODULWLHV�IRU�WKH� KHLJKWV� EHWZHHQ� �� DQG� ���NP��7KH� FDUULHG� DQDO\VLV� DOORZV� WR�SURSRVH� WKH� WHFKQLTXH� IRU�GHILQLWLRQ�RI�WKH�LQWHQVLW\�RI�WKH�DWPRVSKHULF�LUUHJXODULWLHV�IURP�UHVXOWV�RI�PHDVXUHPHQW�RI�WKH�VFLQWLOODWLRQV�RQ�ERDUG��&+$03��7KLV�WHFKQLTXH�FRQVLVW�RI�QH[W�VWDJHV�7KH�GLVSHUVLRQ�VQ� RI�WKH�VFLQWLOODWLRQV�IRU�D�LQWHUYDO�RI�WKH�PLQLPDO�DOWLWXGH�RI�WKH�UD\�EHWZHHQ����DQG����NP�LV�FDOFXODWHG�LQ�DFFRUGDQFH�ZLWK�IRUPXOD�������7KH�GLVSHUVLRQ�V6�� LV�FDOFXODWHG��IRU�VL[�DOWLWXGH�LQWHUYDOV�ZLWK�WKLFNQHVV�'+R|��NP��� LQ�WKH�WURSRVSKHUH�EHWZHHQ�a��DQG�a��NP�DQG�EHWZHHQ�a��DQG�a��NP��� LQ�WKH�WURSRSDXVH�DUHD�EHWZHHQ�a��DQG�a���NP�DQG�EHWZHHQ�a���DQG�a���NP��� LQ�WKH�VWUDWRVSKHUH�EHWZHHQ�a���DQG�a���NP�DQG�EHWZHHQ�a���DQG�a���NP��
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7KH� FKDQJH� RI WKH� DYHUDJH� VLJQDO� OHYHO� �(! GXH� WR� GHIRFXVLQJ� RI� WKH� UDGLR� ZDYH� ZDV�DFFRXQWHG�IRU�FDOFXODWLRQ�V6�� E\�D�OLQH�DSSUR[LPDWLRQ�RI�WKH�GHSHQGHQFH�(�+R� RQ�WKH�DOWLWXGH�LQWHUYDO�'+R��6L[�YDOXHV�RI� WKH� UPV� ILHOG� VWUHQJWK� IOXFWXDWLRQV�VL  � �VV� � VQ����� IRU� FKRVHQ�KHLJKW�LQWHUYDOV�DUH�FDOFXODWHG��,I�WKH�GHSHQGHQFH�(�+R� KDYH�D�VKDUS�FKDQJHV�RI�WKH�ILHOG�VWUHQJWK�LQ�WKH� WURSRSDXVH� DUHD� IRU� WKH� KHLJKWV� EHWZHHQ� �� DQG� ��� NP�� WKH� YDOXHV�V� RU�V� DUH� H[SHOOHG�IURP�DQDO\VLV�,Q� DFFRUGDQFH� ZLWK� IRUPXOD� ������ WKH� YDOXHV�)L DUH� FDOFXODWHG� IRU� D� FKRVHQ� KHLJKW�LQWHUYDOV��7KLV�VL[�YDOXHV� )L DUH�D�TXDQWLWDWLYH�HVWLPDWLRQ�RI�VWDELOLW\�RU�SHUWXUEDWLRQ��VWURQJ�WXUEXOHQFH�� RI� WKH� DWPRVSKHUH�� 7KH� YDOXHV� )L IRU� WKH� GLIIHUHQW� GHJUHH� RI� DWPRVSKHUH�WXUEXOHQFH�FDQ�EH�GHWHUPLQHG�E\�HPSLULFDOO\�IURP�FRPSDULVRQ�ZLWK�GDWD�RI�WKH�PHWHRURORJLFDO�WHPSHUDWXUH� PHDVXUHPHQWV� DQG� LW� LV� SRVVLEOH� IURP� FRPSDULVRQ� ZLWK� DOWLWXGH� SURILOH� RI� WKH�UHIUDFWLYH�LQGH[�VWUXFWXUH�SDUDPHWHU��&Q���7KH�FRPSOHWHG�FULWHULRQ�RI�WKH�DWPRVSKHUH�VWDELOLW\��ZHDN� WXUEXOHQFH�� LQ� WKH� WURSRSDXVH�DUHD�DQG� LQ� WKH� VWUDWRVSKHUH�PD\�EH�HIIHFW�RI� WKH� VKDUS�FKDQJH�RI�WKH�ILHOG�VWUHQJWK�LQ�WKH�WURSRSDXVH�



��
���3KDVH�IOXFWXDWLRQV�IURP�UDGLR�RFFXOWDWLRQ�GDWD

�����3UHOLPLQDU\�GHVFULSWLRQ�SURJUDP�PRGXOH�IRU�DQWLVSRRILQJ�UHJLPH
)LUVW� UDGLR� RFFXOWDWLRQ� H[SHULPHQWV� UHYHDOHG� WZR� LPSRUWDQW� WKLQJV�� )LUVW�� WKH� UHDO�DWPRVSKHUH� SURGXFHV� HIIHFWV� WKDW� LGHDOL]HG� WKHRUHWLFDO� PRGHOV� ZHUH� DEOH� WR� GHVFULEH� RQO\�DSSUR[LPDWHO\��6HFRQG��LW�EHFDPH�QHFHVVDU\�WR�PDNH�V\VWHPDWLF�H[SHULPHQWDO�VWXGLHV�LQWR�WKHSURSDJDWLRQ�RI�UDGLR�ZDYHV�DORQJ�D�VDWHOOLWH�VDWHOOLWH�OLQN��7KH�ILUVW�VHULHV�RI�UDGLR�RFFXOWDWLRQ�H[SHULPHQWV� FRQFHUQHG� ZLWK� WKH� DERYH� SKHQRPHQD� DUH� UHSRUWHG� LQ� ><DNRYOHY� HW� DO��� ����D��<DNRYOHY� HW� DO��� ����E� <DNRYOHY�� ����@�� ,Q� WKLV� ZRUNV� D� GHVFULSWLRQ RI� H[SHULPHQWDO� DQG�WKHRUHWLFDO�GHSHQGHQFLHV�RI�FKDQJHV�LQ�WKH�DPSOLWXGH�RI�GHFLPHWHU�DQG�FHQWLPHWHU�UDGLR�ZDYHV�LQ�UDGLR�RFFXOWDWLRQ�H[SHULPHQWV�FDUULHG�RXW�RQ�WKH�UDGLR�OLQN�WKDW�MRLQHG�WKH�0LU VSDFH�VWDWLRQ�DQG�D�JHR�VWDWLRQDU\�VDWHOOLWH� LV�JLYHQ��7KH�SRVVLELOLW\�RI� LQIHUULQJ� WKH�SDUDPHWHUV�RI� OD\HUHG�IRUPDWLRQV�DQG�DWPRVSKHULF� WXUEXOHQFH�DV�ZHOO�DV� WKH�DOWLWXGH�GLVWULEXWLRQ�RI��KXPLGLW\�IURP�DPSOLWXGH�GDWD�LV�GHPRQVWUDWHG��,Q�><DNRYOHY�HW�DO�������E@��DQ�H[SHULPHQWDO�SDWWHUQ�RI�UHJXODU�FKDQJHV� LQ� IUHTXHQF\� GXH� WR� WKH� LQIOXHQFH� RI� DWPRVSKHUH� LV� DQDO\]HG� DQG� LW� LV� VKRZQ� WKDW�IUHTXHQF\� GDWD� FDQ� VHUYH� DV� D� VRXUFH� IURP� ZKLFK� RQH� FDQ� GHGXFH� DOWLWXGH� SURILOHV� RI� WKH�UHIUDFWLRQ�DQJOH�DQG�RI� WKH� UHIUDFWLYH� LQGH[�RI� WKH�DWPRVSKHUH��DV�ZHOO�DV�� VXEMHFW� WR�FHUWDLQ�FRQVWUDLQWV�� WKH� EHKDYLRU� RI� WHPSHUDWXUH�ZLWK� UHVSHFW� WR� DOWLWXGH��7KH�PXOWLSDWK�SURSDJDWLRQ�DQG�VFDWWHULQJ�RI�UDGLR�ZDYH�E\�WKH�(DUWK¶V�VXUIDFH�ZDV�GLVFXVVHG�E\�5XEDVKNLQ�HW�DO�>����@�DQG�3DYHO\HY�HW�DO�>����@�,Q�DGGLWLRQ� WR� UHJXODU�FKDQJHV� LQ� IUHTXHQF\ DQG�SKDVH�� UDGLR�RFFXOWDWLRQ�H[SHULPHQWV�RIWHQ� UHYHDO� UDQGRP� IOXFWXDWLRQV� WKDW� FDQ� EH� DWWULEXWHG� WR� DWPRVSKHULF� LQKRPRJHQHLWLHV��,QKRPRJHQHLWLHV� UHIHU� UDQGRP� FKDQJHV� LQ� WKH� UHIUDFWLYH� LQGH[� FDXVHG� E\� DWPRVSKHULF�WXUEXOHQFH�DQG�E\�ODUJH�VFDOH�ORFDO�HQWLWLHV��VXFK�DV�FORXGV��OD\HUV��DQG�LQYHUVLRQV�WKDW�GR�QRW�REH\�D�VSKHULFDOO\�V\PPHWULF�GLVWULEXWLRQ��7KH�UDQGRP�IOXFWXDWLRQV�RI�UDGLR�ZDYH�IUHTXHQF\�DQG� SKDVH� WKXV� FDXVHG� LQWURGXFH� D� NLQG� RI� LQWHUIHULQJ� QRLVH� DQG� WKXV� OLPLW� WKH� DFFXUDF\� RI�GHWHUPLQLQJ� WHPSHUDWXUH� DOWLWXGH� SURILOHV��2Q� WKH� RWKHU� KDQG�� WKH� VDPH� IOXFWXDWLRQV� VHUYH� D�XVHIXO� SXUSRVH� ± WKH\� DUH� D� VRXUFH� RI� LQIRUPDWLRQ� DERXW� DWPRVSKHULF� LQKRPRJHQHLWLHV� � DQG�WKXV� VXSSOHPHQW� WKH�FDSDELOLWLHV�RI� WKH� UDGLR�RFFXOWDWLRQ�PHWKRG� LQ�DWPRVSKHULF�PRQLWRULQJ��,QIOXHQFH� RI� WKH� UHFHLYHU� QRLVH� RU� DQWLVSRRILQJ� UHJLPH� RI� WKH� *36� LQWURGXFH� RXW� WKH�VXSSOHPHQWDU\�SKDVH�DQG�IUHTXHQF\�IOXFWXDWLRQV��,Q�WKLV�FDVH�WKH�DFFXUDF\�RI�GHWHUPLQDWLRQ�RI�



��
WKH�DWPRVSKHULF�SDUDPHWHUV�LV�ORZHUHG�7KH�DLP�RI�WKLV�VHFWLRQ�LV�WR�GHVFULEH�IHDWXUHV�RI�*36�VLJQDO�LQ�DQWLVSRRILQJ�UHJLPH�DQG�WR�JLYH� ILUVW� UHFRPPHQGDWLRQ� IRU�GHVLJQLQJ�DQWLVSRRILQJ�SURJUDP�PRGXOH��7KLV�PRGXOH�PD\�GLPLQLVK�WKH�QHJDWLYH� LQIOXHQFH�RI�DQWLVSRRILQJ�UHJLPH�RQ�GHWHUPLQDWLRQ�RI�DWPRVSKHULF�DQG�LRQRVSKHULF�SDUDPHWHUV�IURP�UDGLR�RFFXOWDWLRQ�GDWD�*36�UHVLGHV�RQ�WZR�/�EDQG�IUHTXHQFLHV��/��DW���������0+]�DQG�/��DW��������0+]�>+RIPDQQ�:HOOQKRI�HW�DO������@��7KH�/��IUHTXHQF\�FRQVLVWV�RI� WZR�VSUHDG�VSHFWUXP�ELSKDVH�VKLIW�NH\HG��%36.��PRGXODWHG�VLJQDOV�LQ�SKDVH�TXDGUDWXUH��WKH�SUHFLVH��3��FRGH��ZLWK�D�������0+]�FKLSSLQJ�UDWH��DQG�WKH�FRDUVH�DFTXLVLWLRQ��&�$��FRGH��ZLWK�D�������0+]�FKLSSLQJ�UDWH��7KH� 3�FRGH� LV� XVXDOO\� GHQRWHG� 3�<��� VLQFH� LW� FDQ� EH� �DQG� FXUUHQWO\� LV�� HQFU\SWHG� IRU�DQWLVSRRILQJ� DQG�PLOLWDU\� H[FOXVLYLW\��7KH�&�$�FRGH� LV� XQHQFU\SWHG� DQG� LV� XVHG� E\�PLOLWDU\�UHFHLYHUV�IRU�LQLWLDO�DFTXLVLWLRQ�DQG�E\�FLYLO�UHFHLYHUV�DV�WKH�SULPDU\�QDYLJDWLRQ�VLJQDO��7KH�/��IUHTXHQF\�FXUUHQWO\�KDV�RQO\�RQH�VLJQDO��ZKLFK�FDQ�EH�HLWKHU�&�$� RU�3�<��FRGH��EXW�QRW�ERWK��&XUUHQWO\�WKH�3�<��FRGH�LV�EURDGFDVW�RQ�/���7KH�&�$�FRGH�LV�SODFHG�RQ�WKH�/��FDUULHU�LQ�SKDVH�TXDGUDWXUH��L�H�����q RIIVHW��ZLWK�WKH�3�FRGH��'HQRWLQJ�XQPRGXODWHG�FDUULHU�E\�/L�W�� �DL FRV��)LW��DQG�WKH�VWDWH�VHTXHQFHV�RI�WKH�3�FRGH��WKH�&�$�FRGH���DQG�WKH�QDYLJDWLRQ�PHVVDJH�E\�3�W���&�$�W��� DQG� '�W��� UHVSHFWLYHO\�� WKH� PRGXODWHG� FDUULHUV� DUH� UHSUHVHQWHG� E\� WKH� HTXDWLRQV�>+RIPDQQ�:HOOQKRI�HW�DO�������@��

/��W�� �D� 3�W��'�W��FRV��)� W����D� &�$�W��'�W��VLQ��)� W��/��W�� �D� 3�W��'�W��FRV��)� W���
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�����3KDVH�IOXFWXDWLRQV�IURP�*36�0(7�GDWD
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��

)LJ������)OXFWXDWLRQV�RI�SKDVH��G)��SORWWHG�DV�IXQFWLRQ�RI�WKHPLQLPXP�UD\�DOWLWXGH�+� IURP�0,5�*(2�RFFXOWDWLRQ�1��������)HEUXDU\������



��

)LJ�������)OXFWXDWLRQV�RI�SKDVH��G)��SORWWHG�DV�IXQFWLRQ�RI�WKH�PLQLPXPUD\��DOWLWXGH�+� IURP�0,5�*(2�RFFXOWDWLRQ�1���������)HEUXDU\������



��

)LJ������)OXFWXDWLRQV�RI�SKDVH��G)��SORWWHG�DV�IXQFWLRQ�RI�WKH�PLQLPXPUD\�DOWLWXGH�+� IURP�0,5�*(2�RFFXOWDWLRQ�1��������)HEUXDU\������



��
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)LJ��������506�IOXFWXDWLRQV�RI�SKDVH�SDWK�OHQJWK��V/��SORWWHG�DV�IXQFWLRQ�RI�WKH�PLQLPXP�UD\�DOWLWXGH�+� IURP�*36�0(7�GDWD�



��
�����7KHRUHWLFDO�UHODWLRQV�IRU�SKDVH�DQG�IUHTXHQF\�IOXFWXDWLRQV

&RQVLGHU�WKH�LQIOXHQFH�RI�DWPRVSKHULF�WXUEXOHQFH�RQ�WKH�SKDVH�RI�D�UDGLR�ZDYH�LQ�UDGLR�RFFXOWDWLRQ� PHDVXUHPHQWV�� 6XSSRVH� WKDW� UHIUDFWLYH� LQGH[� LQKRPRJHQHLWLHV� KDYH� D� VSDWLDO�VSHFWUXP�RI�WKH�IRUP�)Q�N �� ������&Q���N ������/� �� ����� �� �����
ZKHUH�N LV�WKH�VSDWLDO�ZDYHQXPEHU��&Q� LV�WKH�VWUXFWXUDO�FKDUDFWHULVWLF�RI�WKH�UHIUDFWLYH�LQGH[��DQG�/� LV� WKH� H[WHUQDO� LQKRPRJHQHLW\� VFDOH� $FFRUGLQJ� WR� ,VKLPDUX� >����@�� WKH� YDULDQFH� RI�SKDVH�IOXFWXDWLRQV�PD\�WKHQ�EH�ZULWWHQ�DV�

VM�  ������N� /���� ³/� &Q� G[� �������O�� /���� *� ������
ZKHUH�

*� ³/� &Q� G[��
+HUH��N� ��S�O LV�WKH�ZDYHQXPEHU��O LV�WKH�ZDYHOHQJWK��G[ LV�DQ�HOHPHQW�RI�WKH�UD\�OLQH�OHQJWK��DQG�* LV�WKH�LQWHJUDO�ZKRVH�YDOXH�GHSHQGV�RQ�WKH�PLQLPXP�DOWLWXGH�RI�WKH�UD\�OLQH�$&%��)LJ������� DQG� WKH� DOWLWXGH� SURILOH� RI�&Q��� $V� HTXDWLRQ� ������ LPSOLHV��VM� LV� IXQFWLRQ� RI� ERWK� WKH�LQWHJUDO�*�DQG�WKH�UDWKHU�DUELWUDU\�H[WHUQDO�LQKRPRJHQHLW\�VFDOH�/���$V� IROORZV� IURP� )DQWH� >����@�� DW� K � �� WR� ��� NP��&Q� RQO\� VOLJKWO\� YDULHV� ZLWK� K��ZKHUHDV� DW� K ! ��� NP LW� UDSLGO\� GHFUHDVHV� ZLWK� LQFUHDVLQJ� DOWLWXGH�� :H� ZLOO� GHVFULEH� WKH�DOWLWXGH�SURILOH�&Q��K� E\�PRGHO�UHODWLRQ�RI�WKH�IRUP�

&Q��K�� �&�� IRU����� K�� K���&Q��K�� �&�� H[S�>��E�K�K��@��IRU��K�! K�����������������������������������������������
)RU�DQ�DSSUR[LPDWH�HYDOXDWLRQ�RI�WKH�LQWHJUDO�*��ZH�DVVXPH�WKDW�WKH�2[ D[LV�LV�WDQJHQW�WR�WKH�UD\� OLQH� DQG� WKDW� WKH� RULJLQ� RI� UHFNRQLQJ� FRLQFLGHV�ZLWK� WKH� SRLQW� &� �)LJ�� ������8QGHU� WKLV�DVVXPSWLRQ��ZH�LQWHJUDWH�RYHU�D�VWUDLJKW�OLQH��)RU�WKH�UHODWLRQ�LQ��������WKH�LQWHJUDO�* WDNHV�WKH�IRUP
*� ���&��^>�D�K��+��@������SD��E����H[S>�E�+� ±K��@^��N>E�K��+�����@`` IRU�+��� K���* ��&����SD��E����H[S>�E�+� ±K��@ IRU+� ! K��� �����
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+HUH�D LV�WKH�(DUWK¶V�UDGLXV�DQG�)�[��LV�WKH�HUURU�IXQFWLRQ��7KH�UHVXOWV�FDOFXODWHG�IRU�VM�+��DQG�V/�+�� DW�O  ����FP�DUH�VKRZQ�DV�GDVKHG�OLQHV�LQ�)LJ��������,Q�FDOFXODWLRQV�ZH�DVVXPHG�WKDW��&��  �����u ����� P������K�  ���NP��DQG E  �����NP����&XUYHV������DQG���FRUUHVSRQG�WR�DQ�H[WHUQDO� LQKRPRJHQHLW\� VFDOH�/� RI� ��� ��� DQG� �� NP�� UHVSHFWLYHO\��(TXDWLRQV� ������ DQG� WKHVH�WKHRUHWLFDO�FXUYHV�LPSO\�WKDW�+� ! K���WKH�UPV�IOXFWXDWLRQV�VM DQG�V/ GHFUHDVH�H[SRQHQWLDOO\�DV�+� LQFUHDVHV��$W�+��� K�� �� WKH�LQIOXHQFH�RI� WKH�H[SRQHQWLDO�IDFWRU� LV�QHJOLJLEOH��VR�VM DQG�V/YDU\� DV� �K� ± +������� &RPSDULVRQ� RI� WKH� FDOFXODWHG� IXQFWLRQV� VM�+�� ZLWK� H[SHULPHQWDO� VMUHYHDOV�D�VDWLVIDFWRU\�DJUHHPHQW�EHWZHHQ�WKHP��$W�+� � ��NP��WKH KLJKHVW�YDOXHV�RI�VM FDQ�EH�WZLFH�RU�HYHQ�WKUHH�WLPHV�DV�JUHDW�DV� WKH�WKHRUHWLFDO�RQHV��DSSDUHQWO\�GXH�WR� WKH�LQIOXHQFH�RI�ORFDO�OD\HUHG�IRUPDWLRQV��$�WKHRU\�H[SODLQLQJ�IUHTXHQF\�IOXFWXDWLRQV�ZKHQ�UDGLR�ZDYHV�SURSDJDWH�LQ�VWDWLVWLFDOO\�LQKRPRJHQHRXV�PHGLXP� LV� VHW� IRUWK� LQ� >$UPDQG��������$UPDQG�HW�DO�������@�� ,Q�FRPSDULQJ�H[SHULPHQWV�ZLWK� WKHRU\��ZH�ZLOO� GUDZ�XSRQ� WKH� DQDO\VLV� UHSRUWHG�E\�<DNRYOHY� >����@�ZLWK�UHIHUHQFH� WR� IUHTXHQF\� IOXFWXDWLRQV� RI� UDGLR� ZDYHV� LQ� D� PHGLXP� ZKRVH� UHIUDFWLYH� LQGH[�IOXFWXDWLRQ VSHFWUXP�LV�JLYHQ�E\�)Q�N�� �������&Q��N �D � ������ZKHUH�D LV�WKH�H[SRQHQW�RI�WKH�VSDWLDO�UHIUDFWLYH�LQGH[�IOXFWXDWLRQ�VSHFWUXP��,W�LV�OHJLWLPDWH�WR�LQYRNH� WKLV� VSHFWUXP� UHSUHVHQWDWLRQ�� EHFDXVH� WKH� H[WHUQDO� LQKRPRJHQHLW\� VFDOH� DIIHFWV� WKH�IUHTXHQF\�IOXFWXDWLRQV�YDULDQFH�RQO\�VOLJKWO\��$V�LV�SURYHG�LQ�><DNRYOHY�����@��LQ�WKH�FDVH�RI�WKH�VSHFWUXP�GHILQHG�LQ��������WKH�IUHTXHQF\�IOXFWXDWLRQV�YDULDQFH�PD\�EH�ZULWWHQ�DV
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ZKHUH�9� �9���9������ LV� WKH� VSHHG� DW�ZKLFK� LQKRPRJHQHLWLHV�ZHUH� FDUULHG� DFURVV� WKH� UDGLR�OLQN� QHDU� WKH� SRLQW� &� �VHH� )LJ�� ������ * LV� WKH� JDPPD� IXQFWLRQ�� DQG� Q LV� WKH� IUHTXHQF\� RI�IOXFWXDWLRQV��)RUPDOO\��LQ�FDOFXODWLQJ�WKH�IUHTXHQF\�IOXFWXDWLRQ�YDULDQFH��DOO�FRPSRQHQWV�RI�WKH�IUHTXHQF\�IOXFWXDWLRQ�VSHFWUXP�PXVW�EH�WDNHQ�LQWR�DFFRXQW��ZKLFK�LV�ZK\�WKH�LQWHJUDO�RI�Q LQ�������PXVW�EH�HYDOXDWHG�IURP�]HUR�WR�LQILQLW\��,Q�UHDO�PHDVXUHPHQWV��IOXFWXDWLRQV�RI�WKH�VLJQDO�IUHTXHQF\�PD\�EH�HYDOXDWHG�RQO\�LQ�WKH�LQWHUYDO�ERXQGHG�E\�WKH�ORZHVW�DQG�KLJKHVW�REVHUYHG�IUHTXHQFLHV�Q� DQG�Q���UHVSHFWLYHO\�
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)LJ��������506�IOXFWXDWLRQV�RI�SKDVH��VM��DQG�RI�SKDVH�SDWK�OHQJWK��V/��SORWWHG�DV�IXQFWLRQ�RI�WKH�PLQLPXP�UD\�DOWLWXGH�+� IURP0,5�*(2�GDWD�



��
$FFRUGLQJO\��LQ��������ZH�WDNH�WKH�LQWHJUDO�RI�Q EHWZHHQ�WKH�OLPLWV�Q� DQG�Q����:H�DOVR��VHW��D  �������$V�D�UHVXOW��ZH�JHW� ������� �������������� *9I QQOV � � �����7KH� VLJQDO� IUHTXHQF\� LV� XVXDOO\� PHDVXUHG� DW� HTXDO� WLPH� LQWHUYDOV� 'W�� ,Q� 0,5�*(2�PHDVXUHPHQWV�ZDV�'W� �������V��7KH�KLJKHVW�IUHTXHQF\�ZDV�Q�  ����'W�� ���+]��7KH�ORZHVW�FUHGLEOH�REVHUYHG�IUHTXHQF\�RI�IOXFWXDWLRQV�LV�GHWHUPLQHG�E\�WKH�GXUDWLRQ�'7�RI�D�UHDOL]DWLRQ�KDYLQJ�D�FHUWDLQ�YDULDQFH�VI�� ,Q�RXU�FDVH��'7� ���V��WKDW�LV��Q�  ����+]��(TXDWLRQ�������LPSOLHV�WKDW�WKH�EHKDYLRU�RI�WKH�IUHTXHQF\�IOXFWXDWLRQ�YDULDQFH�ZLWK�WKH PLQLPXP�EHDP�OLQH�DOWLWXGH��VI��+��� LV�D�IXQFWLRQ�RI�WKH�LQWHJUDO� * DQG�RI�WKH�EHKDYLRU�RI�9��+����)RU�WKH�IXQFWLRQ�&Q��K�GHILQHG�LQ��������WKH�IDFWRU�* LV�GHWHUPLQHG�E\�HTXDWLRQ��������,Q�0,5�*(2�PHDVXUHPHQWV��9�YDULHG� IURP����� WR���NP�V��$�JUDSK�RI WKH� IXQFWLRQ� �VI�+�� IRXQG� WKHRUHWLFDOO\�E\�HTXDWLRQV�������DQG�������IRU�9�  ���NP�V�LV�VKRZQ�DV�D�VROLG�FXUYH�LQ�)LJ�����&RPSDULVRQ�RI�H[SHULPHQW�DQG�FDOFXODWLRQV�UHYHDOV�WKDW�WKH�WKHRUHWLFDO�YDOXHV�RI�VI DUH�KLJKHU�WKDQ�WKH�H[SHULPHQWDO�RQHV��$� GLIIHUHQW� DSSURDFK� PD\� EH� WDNHQ� WR� DQDO\]H� WKH� IUHTXHQF\� IOXFWXDWLRQV� RI� UDGLR�ZDYHV�LQ�UDGLR�RFFXOWDWLRQ�H[SHULPHQWV��/\LQJ�DW�LWV�EDVLV�LV�WKH�UHODWLRQ�EHWZHHQ�FKDQJHV�LQ�UDGLR�ZDYH�IUHTXHQF\��')��DQG�WKH�DQJOH�RI�UHJXODU�RU�LUUHJXODU�UHIUDFWLRQ�[ LQ�WKH�DWPRVSKHUH��$FFRUGLQJ�WR�><DNRYOHY������@��IRU�D�ZHDNO\�UHIUDFWLYH�PHGLXP��WKLV�UHODWLRQ�WDNHV�WKH�IRUP�

')� [O�9| �������������������������������������������������������������������������
ZKHUH� 9� LV� WKH� UDGLR�ZDYH� VRXUFH� YHORFLW\� FRPSRQHQW� SHUSHQGLFXODU� WR� WKH� UD\� OLQH��,QKRPRJHQHLWLHV�LQ�WKH�UHIUDFWLYH�LQGH[�JLYH�ULVH�WR�LUUHJXODU�YDULDWLRQV�LQ�WKH�DUULYDO�DQJOH�G[RI�UDGLR�ZDYHV��7KHUHIRUH��WKH�VLJQDO�IUHTXHQF\�H[SHULHQFHV�UDQGRP�YDULDWLRQV�

G[OG �9) | ���������������������������������������������������������������������������
(TXDWLRQ�������PDNHV�LW�SRVVLEOH�WR�UHODWH�WKH�IUHTXHQF\�IOXFWXDWLRQ�YDULDQFH�VI� WR�WKH�UDGLR�ZDYH�DUULYDO�DQJOH�YDULDQFH�V[�

VI�  � ��� [VO ¹̧·©̈§9 ���������� ������
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)LJ��������506�IUHTXHQF\�IOXFWXDWLRQV�VI���SORWWHG�DV�IXQFWLRQ�RI�WKHPLQLPXP UD\�DOWLWXGH�+� IURP�0,5�*(2�GDWD��



��
,I� WKH� VL]H� RI� ILUVW� )UHVQHO� ]RQH� LV�PDQ\� WLPHV� WKH� LQWHUQDO� WXUEXOHQFH� VFDOH� DQG� LV� D� VPDOO�IUDFWLRQ�RI�WKH�H[WHUQDO�WXUEXOHQFH�VFDOH��WKHQ��DFFRUGLQJ�WR�,VKLPDUX�>����@��WKH�YDULDQFH�V[�PD\�EH�ZULWWHQ�DV�

V[�  ������U������ � � ��
� G[[&/ Q³ �����������������������������������������������������������

,Q�RXU�FDVH��WKH�HIIHFWLYH�V\QWKHVL]HG�DSHUWXUH�VL]H�ZDV� U�  �9�'7��ZKHUH�'7 LV�WKH�GXUDWLRQ�RI� D� UHDOL]DWLRQ� DV�DGRSWHG� LQ� WKH�GHWHUPLQDWLRQ�RI�VI� )URP�HTXDWLRQV� �������DQG� ������� WKH�IROORZLQJ�UHODWLRQ�IRU�WKH�IUHTXHQF\�IOXFWXDWLRQ�YDULDQFH�PD\�EH�ZULWWHQ�VI�  ������O�� 9���� Q��� *�������������������������������������������������� ������
+HUH��Q  ���'7�� (TXDWLRQV� ������ DQG� ������� DUH� LGHQWLFDO� LQ� VWUXFWXUH� DQG� RQO\� GLIIHU� LQ� WKH�FRQVWDQW�FRHIILFLHQWV�DQG�LQ�WKH�PHDQLQJ�RI�VSHHGV�9� DQG�9� WKDW�RFFXU�LQ�WKHP��,Q�HTXDWLRQ��������9� LV�WKH�VSHHG�DW�ZKLFK�LQKRPRJHQHLWLHV�DUH�FDUULHG DFURVV�WKH�UDGLR�OLQN�QHDU�WKH�SRLQW�'��,Q�HTXDWLRQ���������9� LV�WKH�UDGLR�ZDYH�VRXUFH�YHORFLW\�FRPSRQHQW�WUDQVYHUVH�WR�WKH�FDVH�RI�ZHDN�UHJXODU�UHIUDFWLRQ�DQG�D�SODQH�ZDYH��9� | 9���$V�HTXDWLRQV���������������RU��������LPSO\��WKH�H[SHULPHQWDO�IXQFWLRQ�VM��+���RU�VI��+��PD\�ZHOO�VHUYH�WR�GHOLYHU�WKH�IXQFWLRQ�*�U�� GHILQHG�DV�
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ZKHUH�U  �D �K DQG�U�  �D ��+���%\�WDNLQJ�WKH�$EHO�WUDQVIRUP�RI���������ZH�JHW�
& ���� �����

� UU GUGUG*U UQ � ³fS ������
$V�IROORZV�IURP�HTXDWLRQ���������WKH�H[SHULPHQWDO�IXQFWLRQ�*�U�� PD\�ZHOO�VHUYH�WR�GHULYH�WKH�DOWLWXGH�SURILOH�&Q��K�� 7KH�IXQFWLRQ�&Q��K� GHVFULEHV�WKH�DOWLWXGH�GLVWULEXWLRQ�RI�DWPRVSKHULF�WXUEXOHQFH��1RWH�WKDW�WKH�IXQFWLRQ�*�U���GHGXFHG�IURP�SKDVH�RU�IUHTXHQF\�IOXFWXDWLRQ�GDWD�PD\�VKRZ� D� FRQVLGHUDEOH� VFDWWHU� RI� H[SHULPHQWDO� YDOXHV�� ,W� LV� SRVVLEOH� WR� GHWHUPLQH� &Q��K� LI�VPRRWKHG� H[SHULPHQWDO� IXQFWLRQ�*�+�� KDV� EHHQ� REWDLQHG�� :H� IRXQG� D� VXLWDEOH� DQDO\WLFDO�UHODWLRQ�&Q��K� UHSUHVHQWHG�E\�HTXDWLRQV� ������DQG�HYDOXDWHG�E��K���DQG�&���� ,Q�><DNRYOHY�HW�DO������D@�� LW� LV�SRLQWHG�RXW� WKDW� LQ� WKH�FDVH�RI� UDGLR�RFFXOWDWLRQ�PHDVXUHPHQWV��DWPRVSKHULF�WXUEXOHQFH� FDQ� EH� DVVHVVHG� IURP� UDGLR�ZDYH� DPSOLWXGH� VFLQWLOODWLRQV�� ,Q� WKLV�ZRUN�ZH� KDYH�GHPRQVWUDWHG� WKDW� DWPRVSKHULF� WXUEXOHQFH� FDQ� EH�PRQLWRUHG� DQG� DVVHVVHG� IURP� UDGLR�ZDYH�SKDVH�DQG�IUHTXHQF\�IOXFWXDWLRQV�



��
���,RQRVSKHULF�FRUUHFWLRQ�DQG�UHYHDOLQJ�LRQRVSKHULF�IHDWXUHV

�����&XUUHQW�VWDWH�RI�WKH�SUREOHP�DQG�WKH�WDVN�IRUPXODWLRQ
3UREOHP�RI� DFFRXQWLQJ� IRU� LRQRVSKHULF� FRQWULEXWLRQ�QRZ� LV�XQGHU� LQYHVWLJDWLRQ��7KLV�SUREOHP�KDV�EHHQ� WKRURXJKO\�FRQVLGHUHG�E\�0HOERXUQH�HW�DO�� >����@��.XUVLQVNL��(�5��HW�DO���>����@��5RFNHQ�&��HW�DO�� >����@��+RFNH��.�� ������+RFNH��.��HW�DO� >����@��2WKHU�UHIHUHQFHV�PD\�EH�VHHQ�LQ�WKH�OLVW�RI�WKH�VRPH�UDGLR�RFFXOWDWLRQ�DQG�UDGLR�KRORJUDSKLF�SXEOLFDWLRQV�LQ�WKH�HQG� RI� UHSRUW�� +RZHYHU� WKH� SUREOHP LV� VWLOO� RSHQ� GXH� LWV� FRPSOH[LW\� DQG� KLJK� GLYHUVLW\� RI�LRQRVSKHULF�FRQGLWLRQV�LQ�GLIIHUHQW�UHJLRQV�RI�WKH�(DUWK�7KH�JRDO�RI�WKLV�GLYLVLRQ�LV�WR�GHYHORS�DQDO\WLF�UDGLR�SK\VLFDO�PRGHO�WKDW�PD\�EH�XVHG�IRU�VXEWUDFWLQJ�LRQRVSKHULF�LQIOXHQFH�IURP�UDGLR�RFFXOWDWLRQ�GDWD��7KLV�PRGHO�PD\�EH�DSSOLHG�WR�GHVFULSWLRQ�LRQRVSKHULF�FRQWULEXWLRQ�LQ�WKH�SKDVH�DQG�DPSOLWXGH�RI�UDGLR�RFFXOWDWLRQ�VLJQDO�E\�XVLQJ�VSHFLDO�LRQRVSKHULF�FRUUHFWLRQ�SURJUDP�WRRO��:H�DOVR�DQDO\]HG�SKDVH�DQG�DPSOLWXGH�GDWD�IRU�UHYHDOLQJ�WKLQ�IHDWXUHV LQ�(� DQG�'�OD\HUV�RI�WKH�LRQRVSKHUH�7KH�(DUWK¶V�LRQRVSKHUH��ZKLFK�H[WHQGV�IURP�DERXW�DQ����NP�DOWLWXGH�XSZDUG��DFWV�DV�D�OHQV�WKDW�RYHUOD\V�WKH�QHXWUDO�DWPRVSKHUH�>0HOERXUQH�HW�DO�� ����@��,Q�DQ�RFFXOWDWLRQ�JHRPHWU\��WKH�VLJQDO�PXVW�SDVV�WKURXJK�WKH�LRQRVSKHUH�RQ�LWV�ZD\�LQWR�DQG�RXW�RI�WKH�QHXWUDO�DWPRVSKHUH�EHORZ�D�����NP�DOWLWXGH��7KLV�LPSOLHV�WKDW�D�UHPRYDO�RI�WKLV�LRQRVSKHULF�HIIHFW�RQ�WKH�VLJQDO�LV�QHFHVVDU\� EHIRUH� ZH� FDQ� DFFXUDWHO\� GHGXFH� WKH� QHXWUDO� DWPRVSKHULF� SURILOH�� 7KH� GLVSHUVLYH�QDWXUH�RI� WKH� LRQRVSKHUH� FDXVHV� WKH� WZR�*36�VLJQDOV� WR� WUDYHO�DW�GLIIHUHQW� VSHHGV��$�VLPSOH�OLQHDU� FRPELQDWLRQ� RI� WKH� /�� DQG� /�� VLJQDOV� FDQ� EH� IRUPHG� WR� VXEWUDFW� RXW� PRVW� RI� WKH�LRQRVSKHULF�GHOD\��7KLV�FRPPRQO\�XVHG�VLPSOH�OLQHDU�FRPELQDWLRQ��KRZHYHU��DVVXPHV�WKDW�WKH�WZR�*36�VLJQDOV�DUH�WUDYHOOLQJ�DORQJ�H[DFWO\�WKH�VDPH�SDWKV��0RUHRYHU��LW�DOVR�LJQRUHV�KLJKHU�RUGHU� WHUPV� LQ� WKH� H[SDQVLRQ� RI� WKH� LRQRVSKHULF� UHIUDFWLYH� LQGH[�� 7KLV� UHVLGXDO� LRQRVSKHULF�HIIHFWV�� LI� OHIW�XQFDOLEUDWHG��DFW�DV�DQ�HUURU�VRXUFH�WKDW�PDSV�LQWR QHXWUDO�DWPRVSKHULF�SURILOH�HUURUV��,Q�WKLV�VHFWLRQ�ZH�ZLOO�H[DPLQH�WKHVH�SUREOHP�LQ�VRPH�GHWDLO����7KH�PRVW�VLPSOH�ZD\�RI�WKH�LRQRVSKHULF�FRUUHFWLRQ�SURYLGHG�XQGHU�DVVXPSWLRQ�WKDW�/�� DQG�/�� VLJQDOV� DUH� SURSDJDWLQJ� DORQJ� WKH� VDPH�SDWK�� ,Q� WKLV� FDVH� WKH�SKDVH�SDWKV�RI� WKH�
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H GVI11 ������� ���U �����
ZKHUH�1 LV� WKH� UHIUDFWLYLW\� RI� WKH�QHXWUDO� DWPRVSKHUH��1H LV� WKH� HOHFWURQ�GHQVLW\�GLVWULEXWLRQ��>P��@��I���I� DUH�WKH�VLJQDOV�IUHTXHQF\�>+]@��GV LV�HOHPHQW�RI�D�UD\�WUDMHFWRU\��&RPELQLQJ�UHVXOWV�RI�PHDVXUHPHQWV�/���/��DW�WKH�VDPH�WLPH�LQVWDQW�RQH�PD\�H[FOXGH�WKH�LRQRVSKHULF�LQIOXHQFH�DQG�ILQG�WKH�OHQJWK�RI�WKH�SKDVH�SDWK�LQ�WKH�QHXWUDO�LRQRVSKHUH�UD�³ ��|� /(2

*36D IIIIGV1 @�>@>��� ���������� UUU �����
��� 7KH� VHFRQG�ZD\� RI� LRQRVSKHULF� FRUUHFWLRQ� KDYH� EHHQ� VXJJHVWHG� E\�9RURE¶HY� DQG�.UDVLOQLNRYD� >����@�� 7KLV� PHWKRG� DFFRXQWV� IRU� GLVWLQFWLRQ� RI� UD\� WUDMHFWRULHV� DQG� LPSDFW�SDUDPHWHUV� RI� VLJQDOV� /��� /��� 7KLV� PHWKRG� PD\� EH� DSSOLHG� XQGHU� DVVXPSWLRQV� RI� ORFDO�VSKHULFDO�V\PPHWU\�RI� WKH� LRQRVSKHUH�DQG� OLQHDU�GHSHQGHQFH�RI� WKH�UHIUDFWLYH�EHQGLQJ�DQJOH�RQ� WKH� UHIUDFWLYLW\��$OVR� WKH� LQIOXHQFH� RI�PDJQHWLF� ILHOG� LV� QHJOHFWHG� LQ� WKLV� DSSURDFK��7KLV�PHWKRG�JLYHV�WKH�EHQGLQJ�DQJOH�FRUUHVSRQGLQJ�WR�QHXWUDO�DWPRVSKHUH�LQ�WKH�IRUP�[�S� >I�� [��S� �I��[��S�@�>�I��� I��@ �����ZKHUH�PDJQLWXGHV�[��S���[��S� DUH�HVWLPDWHG�DW�WKH�VDPH�YDOXH�RI�WKH�LPSDFW�SDUDPHWHU�S� )RU�SUDFWLFDO�LPSOHPHQWDWLRQ�RI�WKH�VHFRQG�PHWKRG�RQH�PXVW�ILQG�IURP�WKH�H[SHULPHQWDO�GDWD�WKH�GHSHQGHQFLHV� RI� WKH� UHIUDFWLYH� EHQGLQJ� DQJOHV� [��S���� [��S�� DW� WKH� IUHTXHQFLHV� /��� /�� RQ�LPSDFW�SDUDPHWHUV�S�� ��S���7KHQ� WKH� LQWHUSRODWLRQ�RI� WKH�IXQFWLRQ�[��S�� PD\�EH�XVHG� WR� ILQG�[��S�� LQ� DQ\� LQVWDQW� RI� WLPH DQG� WKHQ� IRUPXOD� ������ PD\� EH� DSSOLHG� XVLQJ� UHODWLRQ� S S���1RZDGD\V� WKLV� PHWKRG� LV� VXFFHVVIXOO\� DSSOLHG� WR� DQDO\VLV� RI� UDGLR� RFFXOWDWLRQ� GDWD� IRU�PHDVXULQJ� WKH� WHPSHUDWXUH� DOWLWXGH� SURILOHV� LQ� WKH� DWPRVSKHUH� XQGHU� VSKHULFDO� V\PPHWU\�DVVXPSWLRQ��+RZHYHU�WR ILQG�WKH�LQIOXHQFH�RI�WKH�KRUL]RQWDO�JUDGLHQWV�DQG�PDJQHWLF�ILHOG�RQH�PD\�XVH�PRUH�JHQHUDO�DSSURDFK�����%DVLF�PHWKRGRORJ\��FDOFXOXV�RI�YDULDWLRQV��IRU�WKLV�DSSURDFK�KDYH�EHHQ�LQWURGXFHG�E\�*X�DQG�%UXQQHU�>����@��0HOERXUQH�HW�DO�� >����@��$FFRUGLQJ�WR�0HOERXUQH�HW�DO�� >����@��



��
WKH�SKDVH�GHOD\�RI�D�VLJQDO�SDVVLQJ�WKURXJK�WKH�LRQRVSKHUH�DQG�DWPRVSKHUH�LV�JLYHQ�E\UL �³ QLGVL �����ZKHUH�L ����IRU�/��/��UHVSHFWLYHO\��GVL LV�DQ�HOHPHQW�RI�OHQJWK�DORQJ�WKH�FXUYHG�SDWK�WKDW�WKH�L�WK� VLJQDO� WUDYHOV� �)LJ�������7KH�YDOXH�RI� LRQRVSKHULF�HIIHFW�RQ�GHWHUPLQDWLRQ� WKH� UHIUDFWLYLW\��SUHVVXUH�DQG�WHPSHUDWXUH�YHUWLFDO�SURILOHV�GHSHQGV�RQ�LRQRVSKHULF�VWDWH�WKDW�LV�WHPSRUDOO\�DQG�JHRJUDSKLFDOO\�GLIIHUHQW�DQG�PD\�KDYH�YDULRXV�W\SH�RI�KRUL]RQWDO�JUDGLHQWV�DFFRUGLQJ�WR�OHYHO�RI�VRODU�DFWLYLW\�DQG�PDJQHWRVSKHUH¶V� LQWHUDFWLRQ�� ,RQRVSKHULF� LQIOXHQFH�RQ� WKH�SKDVH�H[FHVV�PD\�EH�GHVFULEHG�DFFRUGLQJ�WR�0HOERXUQH�HW�DO�� >����@��IRU�WKH�FDVH�ZKHUH�Q����DQG�ZKHUH�WKH�JUDGLHQW�RI�WKH�UHIUDFWLYH�LQGH[�LV�VORZO\�YDU\LQJ�DORQJ�WKH�SDWK��XVLQJ�WKH�VWDWLRQDU\�SKDVH�SURSHUW\��)RU�WKLV�FDVH�WKH�SKDVH�SDWK�UL FDQ�EH�ZULWWHQ�ZLWK�VXIILFLHQW�DFFXUDF\�DV
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ZKHUH� G[ DQG� G[c DUH� HOHPHQWV DORQJ� WKH� VWUDLJKW� OLQH� FRQQHFWLQJ� WKH� WUDQVPLWWHU� DQG� WKH�UHFHLYHU��2;�D[LV���$OO�LQWHJUDWLRQV�LQ�HT�������DUH�FDUULHG�RXW�DORQJ�WKLV�OLQH��7KH�FRRUGLQDWHV�\ �KRUL]RQWDO�� SHUSHQGLFXODU� WR�2;� D[LV�� DQG� ] IRUP� D�PXWXDOO\� RUWKRJRQDO� VHW�ZLWK� [�� 7KH�SDUWLDO�GHULYDWLYHV�wQL�w\��wQL�w] DUH�HYDOXDWHG�DW� �\�]� ���)RU�PRUH�DFFXUDF\��WKH\�VKRXOG�EH�HYDOXDWHG�DW��\�]��RI� WKH�FXUYHG�SDWK�DW�JLYHQ�[��(TXDWLRQ�������GHVFULEHV�WKH�SKDVH�SDWK�DV�D�SHUWXUEDWLRQ� UHODWLYH� D� VWDWLRQDU\� SDWK� �VWUDLJKW� OLQH� /(2�*36��� $OO� DWPRVSKHULF� DQG�LRQRVSKHULF� LQIOXHQFH�LQFOXGLQJ�HIIHFW�RI�UHJXODU�UHIUDFWLRQ�LQ�WKH�VSKHULFDO�V\PPHWULF�PHGLD�DQG� SRVVLEOH� DFWLRQ� RI� WZR� KRUL]RQWDO� JUDGLHQWV� DUH� GHVFULEHG� E\� HTXDWLRQ� ������ DV� D�SHUWXUEDWLRQ�UHODWLYH�WR�WKH�IUHH�VSDFH�FDVH��)RU�SUDFWLFDO�XVH�LW LV�FRQYHQLHQW�WR�KDYH�D�IRUPXOD�VLPLODU�WR�HTXDWLRQ�������GHVFULELQJ�SHUWXUEDWLRQV�DFFRUGLQJ�WR�KRUL]RQWDO�JUDGLHQWV�UHODWLYH�WR�VSKHULFDO� V\PPHWULF� PRGHO� RI� WKH� LRQRVSKHUH�� 7KH� VWUDLJKW� OLQH� SDWK� /(2�*36� PD\� EH�UHSODFHG�LQ�WKLV�FDVH�E\�WKH�VWDWLRQDU\�FXUYHG�SDWK�/(2�*36�FRUUHVSRQGLQJ�WR�ORFDO�VSKHULFDO�V\PPHWULF�PRGHO�RI�WKH�LRQRVSKHUH��GLIIHUHQW�DW�/(2�DWPRVSKHUH�DQG�DWPRVSKHUH�� *36�SDUWV�RI�WKH�SDWK���(YDOXDWLRQ�VLPLODU�WR�WKH�YDULDWLRQV�PHWKRG�DSSOLHG�E\�0HOERXUQH�HW�DO�� >����@��WR�VROXWLRQ�RI�WKLV�SUREOHP�JLYHV�WKH�HTXDWLRQ��/ / OL OLUL ³ QL GOL����³ QL GOL� OL�� >^³ wQL�w]�OcLGOcL`� � ^³ wQL�wK�OcLGOcL`�@� ������ �� � �
ZKHUH� GOL�� GOcL DUH� HOHPHQWV� DORQJ� WKH� VWDWLRQDU\� FXUYH� LQ� WKH� ORFDOO\� VSKHULFDO� V\PPHWULF�



��
LRQRVSKHUH� DQG� DWPRVSKHUH�� /� LV� WKH� OHQJWK� RI� WKH� VWDWLRQDU\� UD\� SDWK�� $OO� LQWHJUDWLRQV� DUH�FDUULHG�RXW� DORQJ� WKLV� FXUYH��7KH� FRRUGLQDWHV�]���K IRUP�D�PXWXDOO\�RUWKRJRQDO� VHW�ZLWK� WKH�FXUUHQW� XQLW� YHFWRU� U� GHVFULELQJ� ORFDO� YHUWLFDO� GLUHFWLRQ�� 7KH� FRRUGLQDWH� ]� FRUUHVSRQGV� WR�KRUL]RQWDO� GLUHFWLRQ� LQ� WKH� SODQH� /(2�*36� VDWHOOLWHV� DQG� WKH� FHQWHU� RI� WKH� (DUWK�� WKH�FRRUGLQDWH�K FRUUHVSRQGV� WR� WKH�GLUHFWLRQ�SHUSHQGLFXODU�WR� WKLV�SODQH��7KH�SDUWLDO�GHULYDWLYHVwQL�wK��wQL�w] DUH�HYDOXDWHG�DW�D�FXUUHQW�SRLQW�RI�WKH�VWDWLRQDU\�FXUYH��)RU�VSKHULFDO�V\PPHWULF�FDVH�WKH�KRUL]RQWDO�JUDGLHQWV�DUH�DEVHQW��WKH�SDUWLDO�GHULYDWLYHV�wQL�wK� wQL�w] DUH�HTXDO�WR�]HUR�DQG�HTXDWLRQ�������FRLQFLGHV�ZLWK��������,Q�JHQHUDO�HTXDWLRQ�������PD\�EH�XVHG�WR�DFFRXQW�IRU�WKH�LQIOXHQFH�RI�GLVWLQFWLRQ�IURP�VSKHULFDO�V\PPHWULF�FDVH��$V� LW� IROORZV� IURP� WKLV� FRQVLGHUDWLRQ� WKH� QHFHVVLW\� H[LVWV� WR� KDYH� D� ORFDO� VSKHULFDO�V\PPHWULF�PRGHO�RI� WKH� LRQRVSKHUH� LQ� WKH� UDGLR�RFFXOWDWLRQ� UHJLRQ�EHFDXVH� LQIOXHQFH�RI� WKH�KRUL]RQWDO�JUDGLHQWV�DQG�PDJQHWLF�ILHOG�PD\�EH�HYDOXDWHG�XVLQJ�SHUWXUEDWLRQ�PHWKRG�UHODWLYH�WR�WKLV�PRGHO��

)LJ�������5D\�GLYHUVLW\�GXH�WR�LRQRVSKHULF�LQIOXHQFH�LQ�UDGLR�RFFXOWDWLRQ�H[SHULPHQWV�
/��DQG�/�� UD\� VSOLWWLQJ�GXH� WR�GLVSHUVLYH� LRQRVSKHULF� UHIUDFWLRQ�XVLQJ�D� VLPSOH�VSKHULFDOO\�V\PPHWULF�VKHOO�PRGHO�>0HOERXUQH�HW��DO�� ����@��7KH�HPLWWLQJ�*36�VDWHOOLWH�LV�DVVXPHG�WR�EH�DW�DQ�LQILQLWH�GLVWDQFH��'LIIHUHQWLDO�EHQGLQJ�WKURXJK�WKH�DWPRVSKHUH�E\�WKH�/��DQG�/��VLJQDOV�LV�VXSSUHVVHG�IRU�FODULW\��6SHFLDO�JHRPHWU\�UHVXOWV�LQ�QRQ�SDUDOOHO�SDWKV�VKRZQ�LQ�WKH�DWPRVSKHUH��7KH�] ��OLQH�FRUUHVSRQGV�WR�WKH�LRQRVSKHULF�IUHH�VWDWLRQDU\�SKDVH�SDWK�IRU�/��DQG�/��

7R*36
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��
�����3RVVLELOLW\�RI�WKH�H[SHULPHQWDO�UDGLR�RFFXOWDWLRQPHDVXUHPHQW�RI�DQ�LRQRVSKHULF�FRQWULEXWLRQ

,Q� WKLV� VHFWLRQ� WKH� SRVVLELOLW\� RI� WKH� H[SHULPHQWDO� UDGLR� RFFXOWDWLRQ�PHDVXUHPHQW� RI�LRQRVSKHULF�FRQWULEXWLRQ�ZLOO�EH�GHVFULEHG��7KH�PDLQ�DVVXPSWLRQ�LV�JOREDO�VSKHULFDO�V\PPHWU\�RI�WKH�LRQRVSKHUH�LQ�WKH�UDGLR�RFFXOWDWLRQ�UHJLRQ��'HVSLWH�WKLV�WKH�PHWKRGRORJ\�PD\ EH�XVHG�LQ�SUDFWLFH�IRU�WKH�ILUVW�DSSUR[LPDWLRQ�RI�WKH�LRQRVSKHULF�FRQWULEXWLRQ��3URSDJDWLRQ�RI�UDGLR�ZDYHV�EHWZHHQ�*36�DQG�/(2�PD\�EH�KDSSHQHG�RQ�WUDMHFWRULHV�RI�WZR� W\SH�� 7KH� WUDMHFWRU\� RI� WKH� ILUVW� W\SH� LV� VKRZQ� LQ� )LJ�� ���� E\� OLQH� 73�� WKLV� OLQH� LV�FKDUDFWHUL]HG� E\� DEVHQFH� RI� WXUQLQJ� SRLQW� (�� 7KLV� VLWXDWLRQ� DULVHV� VRPH� WLPH� EHIRUH� UDGLR�RFFXOWDWLRQ�DQG�WKH�SDWK�73�GR�QRW�KDYH�SRLQWV�GLVSRVHG�EHORZ�WKH�/(2�DOWLWXGH��)RU�WKLV�FDVH�LPSRUWDQW� SURSHUW\� RI� WKH� UD\� WUDMHFWRU\� 73� FRQVLVWV� LQ� JURZLQJ� RI� WKH� LPSDFW� SDUDPHWHU� SZKHQ�WKH�/(2�VDWHOOLWH� LV�DSSURDFKLQJ� WR� WKH�UDGLR�RFFXOWDWLRQ�UHJLRQ��7KH�PD[LPXP�RI�WKH�LPSDFW�SDUDPHWHU�S LV�DFKLHYHG�DW�WKH�WLPH�LQVWDQW�W[ ZKHQ�WKH�UD\�73�LV�SHUSHQGLFXODU�WR�WKH�GLUHFWLRQ�72�DQG�WKH�WXUQLQJ�SRLQW�(�DSSHDUV�RQ�WKH�WUDMHFWRU\�73��7KH�LPSDFW�SDUDPHWHU S LV�GLPLQLVKLQJ�DIWHU�WKH�WLPH�LQVWDQW�W[� 7KH�SRLQW�(�H[LVWV�IRU�WUDMHFWRU\�RI�WKH�VHFRQG�W\SH�7c3c��7KH� GLVWDQFH� RI� WKH� SRLQW�(� IURP� WKH�(DUWK¶V� VXUIDFH� LV�PLQLPDO� IRU� UD\� WUDMHFWRU\�7c3c DQG�HTXDO�WR�UR��,Q�WKLV�SRLQW�WKH�UHODWLRQ�LV�IXOILOOLQJ�
Q�UR��UR  S�����������������������������������������������������������������������������

ZKHUH� Q�UR� LV� WKH� UHIUDFWLYH� LQGH[� DW� WKH� OHYHO� UR�� S LV� LPSDFW� SDUDPHWHU�� 7KH� FRQQHFWLRQ�EHWZHHQ� WKH� UHIUDFWLYH� EHQGLQJ� DQJOH� [�� LPSDFW� SDUDPHWHU� S Q�U�U� VLQ� M�U�� �M LV� WKH� UD\¶V�]HQLWK�DQJOH��DQG�WKH�DQJOH�T� PD\�EH�GHVFULEHG�IRU�WUDMHFWRU\�73�E\�HTXDWLRQ
T� DUFFRV>S��Q�57�57�@�DUFFRV>S��Q�53�53�@�[��S�� �����ZKHUH�57 D�+7��53 D�+3��D LV�WKH�(DUWK¶V�UDGLXV��7UDMHFWRU\�RI�WKH�VHFRQG�W\SH�LV�GHVFULEHG�E\�UHODWLRQ T� DUFFRV>S��Q�57�57�@�DUFFRV>S��Q�53�53�@�[��S�� ������



��

)LJ�������*HRPHWULFDO�UHODWLRQV�LQ�UDGLR�RFFXOWDWLRQ�H[SHULPHQWV

7KH�QH[W�HTXDWLRQV��PD\�EH�UHYHDOHG�IRU�WKH�EHQGLQJ�DQJOHV�[��S���[��S��
57[��S�� �� S�³ GQ�GU��Q��U�� S� ������QGU��������������������������������������������������������53
57� 53[��S� �� S�³ GQ�GU��Q��U�� S� ������QGU�± S�³ GQ�GU��Q��U�� S� ������QGU�����������UR UR

ZKHUH�S Q�UR�UR��7KXV�LI�ZH�KDYH�PHDVXUHPHQWV�RI�WKH�EHQGLQJ�DQJOHV [��S���[��S� ZKLFK�DUH�FRUUHVSRQGLQJ�WR�WUDMHFWRULHV�73�DQG�7c3c ZH�PD\�FRPELQH�WKH�IXQFWLRQV�[��S���[��S� XQGHU�WKH�VDPH� YDOXHV� RI� WKH� LPSDFW� SDUDPHWHU� S� IRU� VXEWUDFWLQJ� WKH� LRQRVSKHULF� FRQWULEXWLRQ�FRUUHVSRQGLQJ�WR�WKH�OD\HUV�GLVSRVHG�KLJKHU�WKDQ�WKH�DOWLWXGH�RI�WKH�/(2�VDWHOOLWH��7KLV�ZD\�RI�VXEWUDFWLQJ�RI� WKH�XSSHU�OD\HUV� LQIOXHQFH�ZDV�VXJJHVWHG�E\�*DLNRYLFK� *XUYLFK�DQG�1DXPRY�>����@� IRU�VROXWLRQ�RI� WKH�SUREOHP�RI�GHWHUPLQLQJ�PHWHRURORJLFDO�SDUDPHWHUV�IRU� WKH�FDVH�RI�UHFHLYHU�GLVSRVHG�LQ�WKH�DWPRVSKHUH��7KH�QHFHVVLW\�RI�PHDVXUHPHQWV�RI�WKH�UHIUDFWLYH�EHQGLQJ�DQJOHV� IRU� SRVLWLYH� DQG� QHJDWLYH� YDOXHV� RI� HOHYDWLRQ� DQJOHV� ZLWK� HTXDO� PDJQLWXGHV� RI�FRUUHVSRQGLQJ�LPSDFW�SDUDPHWHUV�ZDV�HVWDEOLVKHG��6R�WKH�GLIIHUHQFH�[�S�  [��S��� [��S� PD\�



��
EH�IRXQG�DQG�WKHQ�XVLQJ�$EHO¶V�WUDQVIRUPDWLRQ�WKH�GHSHQGHQFH�1�K� PD\�EH�UHVWRUHG�6XEWUDFWLRQ��������IURP��������JLYHV�IRU�WKH�FDVH�53��57�53[�S�  [��S��� [��S�  ³ GQ�GU��Q��U��� S�������QGU��������������������������������������UR
$FFRUGLQJ�WR��������WKH�EHQGLQJ�DQJOH�[�S� GHSHQGV�RQ�YDOXHV�53���UR ��,Q�WKH�FDVH�RI�VSKHULFDO�V\PPHWU\��WKH�$EHO¶V�WUDQVIRUPDWLRQ�PD\�EH�XVHG�IRU�GHWHUPLQLQJ�Q�U� IURP�NQRZQ�GHSHQGHQFH�[�S�� Q353Q�U��± �� �1�S�| OQ�Q�  S ��� ³ [�Sc�GSc��Sc��S����� ����������������������������������

S
7KH�QH[W�HTXDWLRQ�PD\�EH�REWDLQHG�DIWHU�LQWHJUDWLRQ�E\�SDUW�IURP��������Q3531�S� S��[�Q353�OQ>Q353�S���Q353 �S��������@�S��³G[�Sc��GScOQ >Sc�S��Sc��S���� ���@GSc �������S
$IWHU�GLIIHUHQWLDWLQJ��������UHODWLYH�WR�SDUDPHWHU�S WKH�FRQQHFWLRQV�EHWZHHQ�G1�GU DQG�WKH�IXQFWLRQ�G[�GS PD\�EH�REWDLQHG� Q353�G1�GU���Q�UG1�GU� �S��[�Q353�Q353�>�Q353���S�����@�S��³G[�Sc��GS>�S�c��S�����@Sc�SGSc ������S���������������������������������������������������
7KH� GLVWDQFH� 53�� WKH� UHIUDFWLYH� LQGH[� DW� WKH� UHFHLYHU� LQVWDOODWLRQ� Q3 PXVW� EH� NQRZQ� IRU�HYDOXDWLRQ� WKH� DOWLWXGH� SURILOH� 1�K� RQ� WKH� PHDVXUHG� IXQFWLRQV� [�S�  [��S��[��S� DQG�G[�S��GS G>[��S��� [��S�@�GS�)RU�GHWHUPLQDWLRQ�RI�FRQQHFWLRQ�EHWZHHQ�FKDQJHV� LQ� IUHTXHQF\�DQG� LQ�EHQGLQJ�DQJOH�WKH�QH[W� IRUPXODV�IRU�YDULDWLRQ�RI�SKDVH�)����RI� UDGLR�ZDYHV�FRUUHVSRQGLQJ�WR� WUDMHFWRULHV�RI�WKH�ILUVW�DQG�WKH�VHFRQG�W\SH�PD\�EH�XVHG�



��

57��������������������������������������������������������������)� N�³ �Q��U��� S� ����� U��� GU���NST� �����N �S�O ���������������������������������������5357���������������������������� 53�������������������������������������������������������������������)� N ³ �Q��U��� S� ���� U��GU��N�³ �Q��U�± S� ���� U���GU���NST������������������������UR UR
7KH�'RSSOHU�IUHTXHQF\�DIWHU�SURSDJDWLRQ�RI�UDGLR�ZDYH�WKURXJK�WKH�DWPRVSKHUH�PD\�EH�IRXQG�E\�GLIIHUHQWLDWLQJ��������DQG��������RQ�WLPH�XVLQJ�������DQG��������)��W�� ��S��� G)��GW O��^�SGT��GW��G57�GW��57 >Q��57��57� ±S���@��� ±� �G53�GW��53>Q��53��53� ±S���@����`�� ������

)��W�� ��S��� G)��GW O��^�SGT��GW��G57�GW��57>Q��57��57� ±S���@��� ���G53�GW��53>Q��53��53� ±S���@����` ������������������������������������������������������������������
7KH�PDJQLWXGHV�)����W� DUH�GHVFULELQJ� WKH� LQIOXHQFH�RI� WKH�DWPRVSKHUH�DQG�GLVSODFHPHQWV�RI�WUDQVPLWWHU� DQG� UHFHLYHU�� ,W� IROORZV� IURP� ������� DQG� ������� WKDW� LPSDFW� SDUDPHWHU� S�W� DV�IXQFWLRQ�RI�WLPH�PD\�EH�UHWULHYHG�IURP�GHSHQGHQFLHV�)����W�� 7KH�PRVW�VLPSOH�FDVH�LV�ZKHQ�WKH�SDUDPHWHUV�53���57 GR�QRW�FKDQJH�ZLWK�WLPH�S���� O )����W���GT����GW�� ������
7KH�UHVWRUHG�IURP����������������RU��������LPSDFW�SDUDPHWHU�S PD\�EH�XVHG�LQ���������������IRU�GHWHUPLQDWLRQ� WKH� UHIUDFWLYH� EHQGLQJ� DQJOHV� [����S� LI� WKH� FRRUGLQDWHV� RI� WKH� WUDQVPLWWHU� DQG�UHFHLYHU�T���� ��57��53 DQG�WKH�UHIUDFWLYH�LQGH[ Q�57���Q�53� DUH�NQRZQ��7KH�UHIUDFWLYLW\�SURILOH�1�K� PD\� EH� IRXQG� WKHQ� E\� DIWHU� VXEVWLWXWLRQ�[����S� LQ� ������� DQG� �������� 7KH� LQVWUXPHQWDO�DFFXUDF\�LQ�WKLV�FDVH�LV�GHWHUPLQHG�E\�HUURUV�LQ�IUHTXHQF\�PHDVXUHPHQWV�7KH�GHVFULEHG�PHWKRGRORJ\�PD\�EH�XVHG�LQ�WKH�FDVH�ZKHQ�WKH�WLPH�RI�UDGLR�RFFXOWDWLRQ�PHDVXUHPHQWV� DUH� SURORQJHG� E\� IDFWRU� ���� WR� REWDLQ� GDWD� IRU� HYDOXDWLRQ� [��S�� +RZHYHU�XVXDOO\�WKH�EHJLQQLQJ�RI�UDGLR�RFFXOWDWLRQ�PHDVXUHPHQW�LV�GLVSRVHG�DIWHU�WKH�WLPH�LQVWDQW�W[ DQG�WKH� QHHG� LV� H[LVWLQJ� IRU� VXEWUDFWLQJ� WKH� XSSHU� LRQRVSKHUH� FRQWULEXWLRQ� E\� PHDQV� RI� DQ�DSSURSULDWH�PRGHO�
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�����&RQQHFWLRQV�EHWZHHQ�WKH�SKDVH�SDWK��UHIUDFWLYH�EHQGLQJ�DQJOH�DQG�DPSOLWXGH�LQ�UDGLR�RFFXOWDWLRQ�PHDVXUHPHQWV
7KH�DLP�RI�WKLV�VHFWLRQ�LV�WR�REWDLQ�FRQQHFWLRQ�EHWZHHQ�WKH�SKDVH�SDWK�H[FHVV��LPSDFW�

SDUDPHWHU�� EHQGLQJ� DQJOH� DQG� DPSOLWXGH� IRU� GHYHORSLQJ� D� UDGLR� SK\VLFDO� PRGHO� RI� WKH�
LRQRVSKHUH��)RU�WKH�VSKHULFDO�V\PPHWU\�FDVH�ZH�PD\�XVH�DV�EDVLF�WKH�FRQQHFWLRQ��������ZKLFK�
PD\�EH�WUDQVIRUPHG�E\�PHDQV�RI�UHODWLRQ

U�� �Q U�cU��QU�� Q cU�Q ������
WR� WKH�IRUP�WKDW�GHVFULEHV�FRQQHFWLRQ�EHWZHHQ� WKH�SKDVH�H[FHVV�)H�� LPSDFW�SDUDPHWHU�S DQG�
EHQGLQJ�DQJOH�[�S��
)H �Q��53�53��S��������57��S� �������53��SE� ������57��� SE�������ST�S�� N�S����������������������������

57������������������������� 53�������������������������������������������������������������������N��S�  �³ Q cU�Q��Q��U�� � S� ����� GU��³ Q cU�Q �Q��U�� � S� ����� GU����[�S�  �GN�S��GS�����������������UR UR
ZKHUH�S�� SE DUH� WKH� LPSDFW� SDUDPHWHUV� FRUUHVSRQGLQJ� WR� WKH� UD\� SDWK� LQ� WKH� LRQRVSKHUH� DQG�DWPRVSKHUH�DQG�WR�WKH�VWUDLJKW�SDWK�7KH�SKDVH�H[FHVV�)H LV�JLYHQ�LQ�UDZ�RFFXOWDWLRQ�GDWD�IRU�WZR�IUHTXHQF\�/��DQG�/��DV�IXQFWLRQ�RI�WLPH��,W�PD\�EH�HDVLO\�VKRZQ�IRU�WKH�FDVH�RI�FLUFXODU�RUELWV�RI�/(2�DQG�*36�WKDWG)H�GW S�GT�GW ������T S�[�S��DUFVLQ>S�57@�DUFVLQ>S��Q�53�53�@� ������ZKHUH�T LV�WKH�DQJOH�EHWZHHQ�GLUHFWLRQV�72�DQG�32��)LJ�������&RQQHFWLRQV� EHWZHHQ� WKH� EHQGLQJ� DQJOH� DQG� DPSOLWXGH� GDWD� PD\� EH� IRXQG� IURP�H[SUHVVLRQ�GHULYHG�E\�3DYHO\HY�DQG�.XFKHUMDYHQNRY >����@
; >SQ�53�573�@�^5753Q�57�^VLQT>Q��57�57�±S�@���>Q��53�53�±S�@���~wT�wS~`���������������������
ZKHUH�; LV�WKH�SRZHU�DWWHQXDWLRQ�RZLQJ�WR�UHIUDFWLRQ�UHODWLYH�WR�IUHH�VSDFH��573 LV�WKH�GLVWDQFH�
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7*� DORQJ� GLUHFW� SDWK�� T LV� JLYHQ� E\� HTXDWLRQ� �������� 7KH� SDUWLDO� GHULYDWLYH� wT�wS PXVW� EH�HYDOXDWHG�XQGHU�FRQGLWLRQ�53��57  FRQVW��8VLQJ�HTXDWLRQV

GS�GW�wT�wS� GT�GW�� wT�w57�G57�GW�� wT�w53�G53�GW 'T�W�S���wT�S��wS� G[�GS��57�±S��������53�±S������� ������
WKH�QH[W�IRUPXOD�PD\�EH�REWDLQHG�IURP��������
5753573��7Q�W�'T�W�S�;�W� VLQT  �SGS�GW�^>Q��57�57�±S�@���>Q��53�53�±S�@���`�������������� ������7Q�W� �Q�57��Q�53�� ������
,W�IROORZV�IURP��������IRU�WKH�IUHH�VSDFH�ZKHQ�UHIUDFWLRQ�LV�DEVHQW�
5753573�� 'T�W�SE� VLQT  SEGSE�GW�>�57�±SE������53�±SE�����@�wT�SE��wSE  ���57�± SE��������5J�±SE������� ������
7KH�FRQQHFWLRQ�EHWZHHQ�S��;�W� DQG�SE PD\�EH�REWDLQHG�IURP����������������

S�GS�GW��^7Q�W�>Q��57�57�±S�@���>Q��53�53�±S�@���`  ;�W�SE�GSE�GW��>�57�±SE������53�±SE�����@��������������������������������������������������������������������������
,Q� JHQHUDO� FDVH� ������� JLYHV� FRQQHFWLRQ� EHWZHHQ� GHULYDWLYHV�GS�GW DQG�GSE�GW DQG� DOORZV� WR�ILQG� XVLQJ� H[SHULPHQWDO� IXQFWLRQ�;�W� WKH� WHPSRUDO� GHSHQGHQFH� RI� LPSDFW� SDUDPHWHU� S�W� LI�VRPH� LQLWLDO� FRQGLWLRQ� LV� JLYHQ�� 8QGHU� DVVXPSWLRQV� S|SE�� Q�53� ��� Q�57� �� �������PD\� EH�VLPSOLILHG WGS�GW ;�W�GSE�GW�������������������S�W��S�WR� ³ ;>W�SE�@GSE ����������������������������������������������������WR
(TXDWLRQ� ������� JLYHV� XVLQJ� WKH� H[SHULPHQWDO� UHIUDFWLRQ� DWWHQXDWLRQ� ;�W� WKH� WHPSRUDO�GHSHQGHQFH�RI�WKH�LPSDFW�SDUDPHWHU�S�W� LI�LQLWLDO�YDOXH�S�WR� LQ�WKH�WLPH�LQVWDQW�WR DQG�EDOOLVWLF�LPSDFW�SDUDPHWHU�SE DV� IXQFWLRQ�RI� WLPH�DUH�NQRZQ��6LPLODU�ZD\�PD\�EH�DSSOLHG�WR�ILQG� WKH�WHPSRUDO� GHSHQGHQFH� RI�G[�GS RQ� WLPH��)RU� WKLV� DLP� LW�PD\�EH�QRWHG� WKDW� IRUPXOD� ������� LV�GHVFULEHG�DOVR� WKH�FDVH�ZKHQ� WKH� UHIUDFWLRQ� LV�DEVHQW� �IUHH�VSDFH�FDVH���)URP�FRPSDULQJ� WKH�
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IUHH�VSDFH�FDVH�DQG�UHIUDFWLRQ�FDVH DQG�VXSSRVLQJ�S|SE RQH�PD\�REWDLQ�XVLQJ������������������������ ;�W�| >wT�SE��wSE@�wT�S��wS�G[�GS >����;�W�@>�57�±SE���������5J�±SE������@� ������
(TXDWLRQ��������JLYHV� WKH�WHPSRUDO�GHSHQGHQFH�G[�GS��7KXV�WKH�DPSOLWXGH�GDWD�PD\�EH�XVHG�IRU� UHVWRUDWLRQ� LPSDFW� SDUDPHWHU� S�W�� EHQGLQJ� DQJOH� [�W� DQG� G[�GS�W�� 7KLV� WHPSRUDO�GHSHQGHQFLHV�PD\� EH� XVHG� IRU� ILQGLQJ� WKH� YHUWLFDO� GLVWULEXWLRQV� RI� WKH� UHIUDFWLYH� LQGH[� DQG�HOHFWURQ� GHQVLW\�� )RU� UHYHDOLQJ� JUDGLHQW� RI� HOHFWURQ� GHQVLW\� GLVWULEXWLRQ� IURP� WKH� DPSOLWXGH�GDWD�WKH�HTXDWLRQV�GHULYHG�E\�.DODVKQLNRY�HW�DO�� >����@�PD\�EH�XVHG�fG1�K��GK���|&D����>�D�K�S@ ³ SGS�G[����S��GS>S� ± �D�K��@����������&D���  �I����������������������������D�KG[����S��GS ��;�������;��� >�57�� S��������53��S�������@�;��� �$�����$���R��������K �S�D������������������������������ ������ZKHUH�D LV�WKH�(DUWK¶V�UDGLXV��$��� LV�WKH�DPSOLWXGH�RI�WKH�UDGLR�RFFXOWDWLRQ�VLJQDO��$���R LV�WKH�DPSOLWXGH� EHIRUH� UDGLR� RFFXOWDWLRQ� &D���� LV� D� VFDOLQJ� IDFWRU� GHSHQGLQJ� RQ� IUHTXHQF\��([SUHVVLRQV� ������ ����� JLYH� WKH� GHSHQGHQFH�G1�K��GK��� RQ� WKH� KHLJKW�K VHSDUDWHO\� IRU� HDFK�IUHTXHQF\� I��� I��� )RU� GLPLQLVKLQJ� LQIOXHQFH� RI� WKH� UDQGRP� QRLVH� WKH� QH[W� IRUPXOD� PD\� EH�DSSOLHG�IRU�WKH�JUDGLHQW�HYDOXDWLRQ�G1�K��GK >G1�K��GK� ��G1�K��GK�@����������������������������������������������������������&RPELQHG� DQDO\VLV� RI� WKH� UHVXOWV� REWDLQHG� VHSDUDWHO\� IURP� WKH� SKDVH� DQG� DPSOLWXGH� GDWD� LV�QHHGLQJ� IRU� UHPRYLQJ� V\VWHPDWLF� HUURUV� WKDW�PD\� DULVH� GXH� WR� LQDFFXUDFLHV� LQ� VXEWUDFWLQJ�RI�ORZ�IUHTXHQF\�WUHQGV��

�����'HYHORSPHQW�PRGHO�DQG�SURJUDP�PRGXOH�IRU�FRUUHFWLRQRI�LRQRVSKHULF�LQIOXHQFH
5DGLR� SK\VLFDO� PRGHO� XVHV� HTXDWLRQV� �������� �������� �������������� IRU� GHVFULSWLRQ�LRQRVSKHULF�FRQWULEXWLRQ�DW� ORZ�DOWLWXGHV��)RU�SUDFWLFDO� DSSOLFDWLRQV� LW� LV�QHHGLQJ� WR�GHVFULEH�GHSHQGHQFH�RI�WKH�UHIUDFWLYH�LQGH[�DQG�LWV�JUDGLHQW�LQ�WKH�LRQRVSKHUH��)RU�WKLV�DLP�WKH�H[LVWLQJ�PRGHOV�RI�WKH�LRQRVSKHUH�PD\�EH�DSSOLHG��IRU�H[DPSOH��SXEOLVKHG�LQ�2UO\DQVNLL�HW DO���>����@��



��
7KH�GHSHQGHQFH�RI�WKH�UHIUDFWLYH�LQGH[�PD\�EH�XVHG�LQ�WKH�)RXULH�IRUP01�+� $�+�+R�Q H[S>��+�+R��'+@>��6 DM H[S>��+�+R��'+M@FRV��SM�+�+R��'�MM�@�����������M �+!+R�
ZKHUH�1�+� LV�WKH�UHIUDFWLYLW\��$�LV�WKH�FRHIILFLHQW�GHSHQGLQJ�RQ�IUHTXHQF\��+R LV�LQLWLDO�KHLJKW�RI� WKH� LRQRVSKHUH��' LV� WKH� YHUWLFDO� VL]H� RI� WKH� LRQRVSKHUH��'+�'+M DUH� FRUUHVSRQGLQJO\� WKH�JHQHUDO�ZLGWK�DQG�WKH�VSDWLDO�GLPHQVLRQ RI�WKH M�WK�ZDYHOHW�LQ�WKH�HOHFWURQ�GHQVLW\�GLVWULEXWLRQ�RI� WKH�LRQRVSKHUH��DM�MM DUH�WKH�DPSOLWXGH�DQG�SKDVH�RI�M�WK�ZDYHOHW��0�LV�JHQHUDO�QXPEHU�RI�)RXULH�FRPSRQHQWV� LQ� WKH�DOWLWXGH�HOHFWURQ�GHQVLW\�GLVWULEXWLRQ��Q� LV�D�SDUDPHWHU�RI�PRGHO��Q�!���)DFWRU�'+M PD\�EH�QHJDWLYH��LQ�WKLV�FDVH�WKH�FRQGLWLRQ�PXVW�EH�VDWLVILHG�~'+M~!'+��7KH�SDUDPHWHUV�$��'��Q��0��+R��'+��'+M��DM��MM PD\�EH�GHILQHG�XVLQJ�H[LVWLQJ�PRGHOV�RI�WKH�LRQRVSKHUH�DQG�PD\�EH�GLIIHUHQW�IRU�WKH�ILUVW�SDWK��/(2�DWPRVSKHUH��DQG�IRU�WKH�VHFRQG�SDWK� �DWPRVSKHUH�*36�� �)LJ������� +RZHYHU� WKLV� SDUDPHWHUV� GR� QRW� GHSHQG� RQ� KRUL]RQWDO�GLVWDQFH��(TXDWLRQ��������LV�FRQYHQLHQW�IRU�GHVFULSWLRQ�WKH�LRQRVSKHULF�LQIOXHQFH�EHFDXVH�WKH�GHSHQGHQFLHV�RI� WKH�SKDVH�SDWK��EHQGLQJ�DQJOH�DQG�DPSOLWXGH�RQ� WKH� LPSDFW�SDUDPHWHU�KDYH�VLPSOH�DQDO\WLFDO�IRUP�5DGLR� SK\VLFDO� PRGHO� ������� KDV� EHHQ� XVHG� IRU� GHYHORSLQJ� SUHOLPLQDU\� SURJUDP�PRGXOH� IRU� FDOFXODWLRQ� LRQRVSKHULF� FRQWULEXWLRQ� LQ� WKH� ORZ� DOWLWXGH� UDGLR� RFFXOWDWLRQ� GDWD��([DPSOHV�RI�SUHOLPLQDU\�FDOFXODWLRQV�DUH�VKRZQ�LQ�)LJ������± ����IRU�WKH�FDVH�Q ��������0 ���'+ ����NP��'+��� f��+R ����NP��M���� � ��D���� � ��' ����NP��7KH�HOHFWURQ�GHQVLW\�DOWLWXGH�GLVWULEXWLRQ�FRUUHVSRQGLQJ� WR�Q ��� �D��DQG�Q ����E�� LV�VKRZQ�LQ�)LJ�������7KLV�GLVWULEXWLRQV�KDYH� PD[LPXPV� RI� HOHFWURQ� GHQVLW\� HTXDO� WR� ���� DQG� ����� WKRXVDQGV� HOHFWURQ� SHU� FXELF�FHQWLPHWHU�DW�KHLJKWV�QHDU�����DQG�����NP��7KLV�GLVWULEXWLRQV�PD\�GHVFULEH�LQIOXHQFH�RI�WKH�)�OD\HU�RI�WKH�LRQRVSKHUH��)RU�FDOFXODWLQJ�WKH�LQIOXHQFH�RI�EURDG�LRQRVSKHULF�WDLO�RQH�PD\�FKRVH�LQ� �������DGGLWLRQDO� WHUPV�ZLWK�FRUUHVSRQGLQJ� WDLO¶V�SDUDPHWHUV�� ,Q� WKH�)LJ�������E��DUH�JLYHQ�UHVXOWV� RI� HYDOXDWLRQ�SKDVH� H[FHVV�DV� IXQFWLRQ�RI� WKH�KHLJKW� IRU� HOHFWURQ�GHQVLW\�GLVWULEXWLRQ�VKRZQ� LQ� )LJ�� ���� �E��� )RU� FRPSDULQJ� LQ� WKH� XSSHU� SDUW� RI� )LJ�� ���� DUH� JLYHQ� H[SHULPHQWDO�DOWLWXGH�GHSHQGHQFH�RI�WKH�SKDVH�SDWK�H[FHVV�DW�IUHTXHQF\�/��IRU�*36�0(7�RFFXOWDWLRQ�HYHQW�� R��������� 7KH� EHKDYLRU� RI� WKH� VORSHV� RI� ERWK� FXUYHV� LV� VLPLODU�� WKH� GLIIHUHQFH� LQ� WKH�PDJQLWXGHV�LV�FRQQHFWLQJ�ZLWK��S XQFHUWDLQW\�LQ�*36�0(7�SKDVH�SDWK PHDVXUHPHQWV��,Q�)LJ�������E�� WKH�LPSDFW�SDUDPHWHU�FRPSXWHG�IURP��������IRU�Q ���LV�FRPSDUHG�ZLWK�H[SHULPHQWDO�
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GHSHQGHQFH�RI�WKH�LPSDFW�SDUDPHWHUV�REWDLQHG�IURP�*36�0(7�UDGLR�RFFXOWDWLRQ�GDWD��D���7KH�PD[LPXP��DW�WKH�KHLJKW�QHDU����NP��LQ�WKH�H[SHULPHQWDO GDWD�LV�FRUUHVSRQGLQJ�WR�(�OD\HU�RI�WKH�LRQRVSKHUH��ZKLFK�LQIOXHQFH�KDYH�QRW�EHHQ�DFFRXQWHG�IRU�LQ�FDOFXODWLRQV���7KH�LQIOXHQFH�RI�WKH�XSSHU� LRQRVSKHUH� LV�VHHQ�LQ� WKH�)LJ�������D��DV�D�FRQVWDQW�GLVSODFHPHQW�HTXDO� WR�����DQG�����P� DW� IUHTXHQFLHV� /�� DQG� /�� 7KH�PRGHOHG� GHSHQGHQFH� RI� WKH� LPSDFW� SDUDPHWHUV� KDYH�PRUH�ORZHU�YDOXH�GXH�WR�VPDOO�PDJQLWXGH�RI�WRWDO�HOHFWURQ�FRQFHQWUDWLRQ�FKRVHQ�LQ�FDOFXODWLRQ��3UHOLPLQDU\�UHVXOWV�RI�H[DPLQDWLRQ�RI�SURJUDP�PRGXOH�VKRZQ�WKH�HIIHFWLYHQHVV�RI�GHYHORSHG�UDGLR� SK\VLFDO�PRGHO� IRU� GHVFULSWLRQ� RI� WKH� LQIOXHQFH�RI� WKH�XSSHU� LRQRVSKHUH��7KLV�PRGXOH�PD\�EH�HODERUDWHG�IXUWKHU�IRU�GHVFULSWLRQ�LQ�IXOO�YROXPH�WKH�LQIOXHQFH�RI�WKH�XSSHU�LRQRVSKHUH�XVLQJ�H[LVWLQJ�LRQRVSKHULF�PRGHOV��
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�D�

�E�
)LJ�������([DPSOHV�RI�PRGHO�RI�)�OD\HU�RI�WKH�LRQRVSKHUH�FRUUHVSRQGLQJ�WR�Q ����D��DQG�Q ����E��
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�D�

�E�
)LJ�������7KHRUHWLFDO�PRGHO�ZLWK�Q ����D��DQGH[SHULPHQWDO��E��SKDVH�H[FHVV�DOWLWXGHGHSHQGHQFH��7KH�EHKDYLRXU�RI�ERWK�FXUYHV�DUHVLPLODU��7KH�GLIIHUHQFH�LQ�WKH�PDJQLWXGHV�LVGXH�WR��XQFHUWDLQW\�LQ�LQLWLDO�*36�0(7�GDWD�
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�D��

�E�)LJ�������'HSHQGHQFH�RI�LPSDFW�SDUDPHWHUV�DW�IUHTXHQFLHV)���)� �D��DQG�WKHRUHWLFDO�GHSHQGHQFH��E�FRUUHVSRQGLQJ�WR�PRGHO�ZLWK�Q ����([SHULPHQWDOLPSDFW�SDUDPHWHU�LV�JUHDWHU�E\�IDFWRU������GXH�WRKLJKHU�YDOXH�RI�WRWDO�HOHFWURQ�FRQFHQWUDWLRQLQ�WKH�UHDO�LRQRVSKHUH�
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�����5HYHDOLQJ�IHDWXUHV�LQ�(� DQG�'� OD\HU�RI�WKH�LRQRVSKHUH

3URFHVVHV�LQ�WKH�XSSHU�DWPRVSKHUH��KHLJKW�LQWHUYDO��������NP��QRZ�DUH�VWD\LQJ�RXWVLGH�RI�DWWHQWLRQ�RI�WKH�PRVW UDGLR�RFFXOWDWLRQ�ZRUNV�EHVLGHV�VRPH�UDUH�SXEOLFDWLRQV��IRU�H[DPSOH��>9RURE¶HY� HW� DO�� ����@�� DSSOLHG� WKH� SKDVH� VFUHHQ� WKHRU\� IRU� GHULYLQJ� HOHFWURQ� GHQVLW\�GLVWULEXWLRQ� LQ� WKH� (�OD\HU� RI� LRQRVSKHUH� IURP� DPSOLWXGH� *36�0(7� GDWD�� +RZHYHU��SKHQRPHQD� LQ� WKH� XSSHU� DWPRVSKHUH� FDQ� EH� DQDO\]HG� PRUH� FDUHIXOO\� XVLQJ� KLJK�SUHFLVLRQ�*36�0(7� UDGLR� RFFXOWDWLRQ� GDWD�� &RPSDULQJ� PD\� EH� GRQH� ZLWK� UHVXOWV� RI� (DUWK�EDVHG�REVHUYDWLRQV� IRU� YDOLGDWLRQ� >,JDUDVKL� HW� DO� ����@��:DYH� VWUXFWXUHV� LQ� WKH�XSSHU� DWPRVSKHUH�DUH�SURGXFLQJ�VKRUW�SHULRG�FKDQJHV�ERWK�LQ�WKH�SKDVH�DQG�DPSOLWXGH�UDGLR�RFFXOWDWLRQ�GDWD�DW�IUHTXHQFLHV�/��DQG�/���7KH�SKDVH�FKDQJHV�DUH�KLGGHQ�XQGHU�WKH�PRUH�LQWHQVH�ORZ�IUHTXHQF\�SKRQH� DULVLQJ�RZLQJ� WR� WKH� LRQRVSKHULF�)�OD\HU��7KH�FRUUHVSRQGLQJ�DPSOLWXGH�YDULDWLRQV�DUH�YLVLEOH�PRUH�FOHDUO\��KRZHYHU� LQWHUIHUHQFH�RI� ORZ�IUHTXHQF\�QRLVH�PXVW�EH� UHPRYHG�DOVR�� ,Q�WKLV� FDVH� WKH� UDGLR� KRORJUDSK\� PD\� EH� DSSOLHG� LQ� D� IRUP� RI� SHUWXUEDWLRQ� PHWKRG� WKDW� XVH�ILOWUDWLRQ� RI� ORZ� IUHTXHQF\� DQG� KLJK� IUHTXHQF\� FRPSRQHQWV� VHSDUDWHO\� IRU� WKH� SKDVH� DQG�DPSOLWXGH� UDGLR�RFFXOWDWLRQ� VLJQDOV� WR� UHWULHYH�HOHFWURQ�GHQVLW\�DOWLWXGH�SURILOHV� LQ� WKH�XSSHU�DWPRVSKHUH�� )RU� WKH� SKDVH� FKDQQHO� LW� LV� FRQYHQLHQW� WR� XVH� WKH� SKDVH� GLIIHUHQFH� )��)� IRU�HVWLPDWLRQ� UHIUDFWLYLW\� SURILOH� EHFDXVH� H[LVWLQJ� V\VWHPDWLF HUURU� LQ� WKH� SKDVHV� )��� )�FRQQHFWHG� ZLWK� �S DQG� LQLWLDO� XQFHUWDLQWLHV� LQ� WKH� )��� )� GDWD� �XVXDOO\� LQ� WKH� UDZ� UDGLR�RFFXOWDWLRQ�GDWD�)�R  )�R  ��P�LQ�WKH�EHJLQQLQJ�RI�D�PHDVXUHPHQW�VHVVLRQ���$IWHU�UHPRYLQJ�WKH�ORZ�IUHTXHQF\�QRLVH��RU�WUHQGV��IURP�WKH�SKDVH�DQG�DPSOLWXGH�GDWD��WKLV�PD\�EH�DFKLHYHG�E\� PHDQV� RI� WKH� DSSURSULDWH� PRGHO� RI� WKH� XSSHU� LRQRVSKHUH�� LW� LV� SRVVLEOH� WR� DSSO\� WZR�LQYHUVLRQ�IRUPXOD�VHSDUDWHO\�IRU�WKH�SKDVH�DQG�DPSOLWXGH�FKDQQHOV��)RU�WKH�SKDVH�FKDQQHO�WKH�$EHO¶V�LQYHUVLRQ�IRUPXOD�PD\�EH�DSSOLHG�
f1�K�|�&�S ³GN�S��>S� ± �D�K��@���������N�S� ��)��)��U�����& I�� I�� �>�����I�� � I���@�������������������D�KZKHUH��)��)��U LV�WKH�SKDVH�UHVLGXDOV�DIWHU�VXEWUDFWLQJ�WKH�)�OD\HU¶V�WUHQG��S LV�EDOOLVWLF�LPSDFW�SDUDPHWHU�� K LV� WKH� KHLJKW� DERYH� WKH� (DUWK¶V� VXUIDFH�� 1�K� LV� WKH� SHUWXUEDWLRQ� SDUW� RI� WKH�HOHFWURQ�GHQVLW\�DOWLWXGH�GLVWULEXWLRQ��HO�P����&�LV�WKH�VFDOLQJ�IDFWRU��I���I� DUH�WKH�IUHTXHQFLHV�/���/��>+]@��7KH� UHVXOWV� RI� WKH� DSSOLFDWLRQ� RI� UDGLR� KRORJUDSKLF� DQDO\VLV� DQG� ORZ� QRLVH� ILOWUDWLRQ�



��
PHWKRG�WR�WZR�*36�0(7�RFFXOWDWLRQ�HYHQW�����)HEUXDU\�������1R���������������'�UHJLRQ�RI�WKH�LRQRVSKHUH��DUH�VKRZQ�LQ�)LJ�������7KH�RFFXOWDWLRQ�HYHQW�1R�������WRRN�SODFH�QHDU�-DSDQ��2NLQDZD�� GXULQJ� WKH� ORFDO� ZLQWHU� PLG�QLJKWWLPH�� )RU� WKH� GDWD� JLYHQ� LQ� )LJ�� ���� WKH� WLPH�VSDWLDO�FRRUGLQDWHV�RI�UD\�SHULKHOLRQ�KHLJKW�+ ZDV�QHDU�����R�1������R�:��+ ���NP�����K���P���� V�87��7KH� WKUHH� ULJKW� FXUYHV� LQ�)LJ������ FRUUHVSRQG� WR� WKH� H[SHULPHQWDO�SKDVH� �XSSHU�FXUYH��DQG�DPSOLWXGH��FXUYH�/��DQG�/���GDWD��8SSHU�FXUYH�GHVFULEHV�SKDVH�GLIIHUHQFH�)��)�>P@� EHWZHHQ� FDUULHUV� /�� DQG� /�� WKDW� VKRZV� VORZ� WUHQG� IURP� ��� WR� ±�� FP� DQG� VPDOO� KLJK�IUHTXHQF\� UHVLGXDOV� YDULDWLRQV� LQ� WKH� LQWHUYDO� r�� PP�� &XUYHV� /�� DQG� /�� VKRZ� WKH� KHLJKW�GHSHQGHQFH� RI� WKH� QRUPDOL]HG� DPSOLWXGHV� DW� IUHTXHQFLHV� /�� DQG� /��� 6RPH� FRUUHVSRQGHQFH�PD\�EH�VHHQ�IURP�WKH�)��)� VPDOO�KLJK�IUHTXHQF\�FKDQJHV�DQG�DPSOLWXGH�$���$� YDULDWLRQV�LQ�WKH�KHLJKW�LQWHUYDO�������NP��7KLV�YDULDWLRQV�PD\�FRUUHVSRQG�WR�ZDYH�VWUXFWXUHV�LQ�WKH�'�OD\HU�RI WKH�LRQRVSKHUH��7KLV�VWUXFWXUHV�DUH�PRUH�FOHDUO\�VHHQ�LQ�WKH�ERWK�DPSOLWXGHV�$� DQG�$�� 7KH�HOHFWURQ�GHQVLW\�YHUWLFDO�JUDGLHQW�GLVWULEXWLRQ�G1D�+��G+ UHVWRUHG�IURP�WKH�DPSOLWXGH�GDWD� LV�VKRZQ� E\� ORZHU� FXUYH� LQ� )LJ�� ���� �OHIW��� 7KH� PLGGOH� FXUYH� LQ� WKH� OHIW VLGH� RI� )LJ�� ����FRUUHVSRQGV�WR�WKH�HOHFWURQ�GHQVLW\�GLVWULEXWLRQ�1D�+� �DPSOLWXGH�GDWD��IRXQG�E\�LQWHJUDWLRQ�RI�WKH�JUDGLHQW�G1D�+��G+ RQ�KHLJKW��7KH�XSSHU�OHIW�FXUYH�LQ�)LJ������GHVFULEHV�1S�+� GLVWULEXWLRQ�IRXQG�XVLQJ�WKH�SKDVH�UHVLGXDOV�GDWD��%RWK�1D�+���1S�+� FXUYHV�VKRZ�FRUUHVSRQGHQFH�LQ�KLJK�VSDWLDO� IUHTXHQF\� YDULDWLRQV� �VSDWLDO� SHULRGV� ���� NP�� GHVSLWH� VRPH� GLIIHUHQFHV� LQ� WKH� ORZ�IUHTXHQF\� GRPDLQ� �VSDWLDO� SHULRGV� ������ NP���7KLV� IDFW� VKRZV� WKDW� WKH� V\VWHPDWLF� HUURUV� LV�JUHDWHU� LQ� ORZ� IUHTXHQF\� GRPDLQ� DQG� ORZ� LQ� KLJK� IUHTXHQF\� UHJLRQ�� 7KLV� FRQFOXVLRQ� LV�VXJJHVWHG�E\�DQDO\VLV�RI� WKH�GDWD�RI� WKH�VHFRQG�HYHQW��7KH�UHVXOWV�IRU�WKH�DQRWKHU�*36�0(7�RFFXOWDWLRQ�HYHQW�����)HEUXDU\�������1R���������(�UHJLRQ�RI�WKH�LRQRVSKHUH��DUH�VKRZQ�LQ�)LJ�������7KH�VWXGLHG RFFXOWDWLRQ�HYHQW�WRRN�SODFH�GXULQJ�WKH�ORFDO�VXPPHU�GD\WLPH�LQ�WKH�$QWDUFWLF�UHJLRQ��)RU� WKH�GDWD�JLYHQ� LQ�)LJ������WKH�WLPH�VSDWLDO�FRRUGLQDWHV�RI�UD\�SHULKHOLRQ�KHLJKW�+�FKDQJHG�IURP�����R�6�����R�:��+ ���NP�����K����P����V�87�WR�����R�6�����R�:��+ ���NP�����K����P����V�87��7KH�UDZ�DPSOLWXGH�FRUUHVSRQGLQJ�WR�IUHTXHQFLHV�)� DQG�)� DQG�SKDVH�SDWK�GLIIHUHQFH� )��)� DUH� JLYHQ� LQ� )LJ�� ���� �OHIW��� $� JHQHUDO� FRLQFLGHQFH� EHWZHHQ� SKDVH� DQG�DPSOLWXGH� FKDQJHV� LQ� WKH� DOWLWXGH� LQWHUYDO� �������� NP�PD\�EH� VHHQ��$IWHU� UHPRYLQJ� WUHQGV�IURP�SKDVH�SDWK�GDWD�FDXVHG�E\�LQWHUIHUHQFH�RI�WKH�XSSHU�SDUW�RI�WKH�LRQRVSKHUH��WKH�LQIOXHQFH�RI�ZDYH�SDUW�RI�HOHFWURQ�GHQVLW\�GLVWULEXWLRQ�RQ�WKH�SKDVH�GDWD�PD\�EH�VHHQ��)LJ�������ULJKW���)RU�FRPSDULVRQ��WKH�UDWLR�$��$� LV�DOVR�VKRZQ��7KH�YDOXH�RI�WKH�SKDVH�SDWK�FRQQHFWHG�ZLWK�
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)LJ�������2EVHUYDWLRQ�RI�ZDYH�VWUXFWXUHV�LQ�'�UHJLRQ�RI�WKH�LRQRVSKHUH�XVLQJ�SKDVH�DQG�DPSOLWXGH*36�0(7�UDGLR�RFFXOWDWLRQ�GDWD�
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)LJ�������&RQQHFWLRQ�RI�WKH�SKDVH�SDWK�GLIIHUHQFH�)��)� DQG�DPSOLWXGH�YDULDWLRQV�LQ�(�OD\HU�
ZDYH� VWUXFWXUHV� FKDQJHV� LQ� WKH� LQWHUYDO�r�� FP�� WKLV� LV� ORZHU� E\� D� IDFWRU� ��� WKDQ� WKH�ZKROH�FRQWULEXWLRQ�RI�WKH�(�OD\HU��7KH�DPSOLWXGH�UDWLR�DOVR�IROORZHG�SKDVH�SDWK�FKDQJHV�ZLWK�VRPH�GHOD\��,Q�)LJ�������WKH�UHVXOWV�RI�UHVWRUDWLRQ�RI�WKH�HOHFWURQ�GHQVLW\�DOWLWXGH�SURILOH�1H�+� IURP�SKDVH�GDWD� DQG�JUDGLHQW�G1H�+��G+ IURP�DPSOLWXGH�GDWD� DUH� VKRZQ� �OHIW���7KH�PD[LPXP�LQ�HOHFWURQ� GHQVLW\� GLVWULEXWLRQ� HTXDO� WR� ������� HO�FP�� FRUUHVSRQGV� WR� KHLJKW� ���� NP�� 7KH�PD[LPXP� JUDGLHQW� RI� WKH� HOHFWURQ� GHQVLW\� GLVWULEXWLRQ� G1H�+��G+  � ������� HO��FP�NP���FRUUHVSRQGV� WR� D� KHLJKW� ���� RI� NP�� 7KH� IRUPV� RI� IHDWXUHV� VHHQ� LQ� WKH� HOHFWURQ� GHQVLW\�GLVWULEXWLRQ�PD\�EH� UHYHDOHG� LQ�SHUWXUEHG�SDUW� RI� WKH�SKDVH�SDWK�DQG�DPSOLWXGH�XVLQJ�$EHO¶�LQYHUVLRQ��7KH�ZDYH�VWUXFWXUH�LQ�WKH�HOHFWURQ�GHQVLW\�GLVWULEXWLRQ�1H�+��IURP�SKDVH�GDWD�DQG�JUDGLHQW�G1H�+��G+ IURP�DPSOLWXGH�GDWD�LV�VKRZQ�LQ�)LJ�������ULJKW���7KH�YHUWLFDO�SHULRG�RI�WKH�



��
ZDYH� FKDQJHG� IURP� �� NP� WR� ���� NP�� 7KH� DPSOLWXGH� RI� WKH� ZDYH� VWUXFWXUHV LV� �� WR� �� ����HO��FP����7KH�RULJLQ�RI�ZDYH�VWUXFWXUHV�PD\�EH�FRQQHFWHG�ZLWK�JUDYLWDWLRQDO�ZDYHV�DQG�ZLQG�VKHDUV�H[LVWLQJ�LQ�WKH�LRQRVSKHULF�(�OD\HU�DV�LW�KDV�EHHQ�REVHUYHG�E\�,JDUDVKL�HW�DO�� >����@��<DPDPRWR�HW��DO�� >����@��

)LJ�������1H�+� �SKDVH�GDWD���G1H�+��G+ �DPSOLWXGH�GDWD���OHIW�DQG�ZDYH�VWUXFWXUHV��ULJKW��LQ�LRQRVSKHULF�(�OD\HU�
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���5DGLR�KRORJUDSKLF�WHFKQLTXH��DSSO\LQJ�WR�UDGLR�RFFXOWDWLRQ�GDWD�DQDO\VLV�DQG�YDOLGDWLRQ�XVLQJ�*36�0(7�GDWD
�����&XUUHQW�VWDWH�RI�UDGLR�RFFXOWDWLRQ�SUREOHP

7KH� KLJK� DFFXUDF\� RI� WKH� UDGLR� RFFXOWDWLRQ� VRXQGLQJ� ZDV� GHPRQVWUDWHG� XVLQJ� WKH�*OREDO�3RVLWLRQLQJ�6\VWHP��*36��DW�ZDYHOHQJWKV����DQG����FP�>:DUH�HW�DO���������.XUVLQVNL�HW�DO�� ������������5RFNHQ�HW�DO�� ������)HQJ�DQG�+HUPDQ�������6FKUHLQHU�HW�DO������@��)LUVW�H[SHULPHQWV� LQ� DQRWKHU� IUHTXHQF\� EDQGV� KDYH� EHHQ� SURYLGHG� LQ� ���������� \HDUV� DW�ZDYHOHQJWKV���DQG����FP�DV�GHVFULEHG�E\�<DNRYOHY�HW�DO� >����D@�1RZ�WKH�ILUVW�VWDJH�RI�LQYHVWLJDWLQJ�RI�WKH�(DUWK¶V�DWPRVSKHUH�DQG�LRQRVSKHUH�KDV�EHHQ�DFFRPSOLVKHG� XVLQJ� WKLV� PHWKRG� DQG� QHZ� UDGLR� RFFXOWDWLRQ� PLVVLRQV� DUH� XQGHU� HODERUDWLRQ��VHH�� IRU� H[DPSOH�� $QWKHV� HW� DO�� >����@��� 7KH� UHVXOWV� RI� WKLV� VWDJH� RI� UDGLR� RFFXOWDWLRQ�LQYHVWLJDWLRQV� VKRZ� WKH� QHHG� WR� GHVLJQ� D� QHZ� UDGLR� RFFXOWDWLRQ�PHWKRGRORJ\� WKDW� LQFOXGHV�FRPELQHG� DPSOLWXGH� DQG� SKDVH� GDWD� DQDO\VLV� IRU� DFKLHYLQJ� EHWWHU� VSDWLDO� UHVROXWLRQ� DQG�DFFXUDF\� LQ� YHUWLFDO� SURILOHV� RI� DWPRVSKHULF� DQG� LRQRVSKHULF� SDUDPHWHUV�� 6RPH� EDVLF�DSSURDFKHV� RI� WKH� WHFKQRORJ\� KDYH� EHHQ� GHYHORSHG� HDUO\� GXULQJ� 9LNLQJ�� 9R\DJHU�� 3LRQHHU�9HQXV�PLVVLRQV� >0DURXI�HW�DO�� ������7\OHU�HW�DO�� ����@��/LQGDO�HW�DO� >����@�DSSOLHG�VRPH�PHWKRGV� RI� UDGLR� KRORJUDSK\� IRU� REVHUYLQJ� PXOWLEHDP� SURSDJDWLRQ� LQ� 8UDQXV� DWPRVSKHUH��7KH\� GHULYHG� WKH� SRZHU� VSHFWUD� DV� D� IXQFWLRQ� RI� WLPH� DQG� UHYHDOHG�PXOWLEHDP� SURSDJDWLRQ�FDXVHG� E\� D� PHWKDQH� FORXG� OD\HU� LQ� WKH� DWPRVSKHUH� RI� 8UDQXV�� /LQGDO� >����@� DSSOLHG�PXOWLEHDP�DSSURDFK�WR�LQWHUSUHW�9R\DJHU�1HSWXQH�RFFXOWDWLRQ�GDWD��+RZHYHU��XS�WR�QRZ�WKH�SKDVH� GHSHQGHQFH� RQ� WLPH� LQ� UDGLR� RFFXOWDWLRQ�PHDVXUHPHQWV� KDV� EHHQ� WKH�PDLQ� VRXUFH� RI�LQIRUPDWLRQ�IRU�HYDOXDWLQJ�WKH�YHUWLFDO�SURILOHV�RI�DWPRVSKHULF�DQG�LRQRVSKHULF�SDUDPHWHUV��,W�PD\� EH� QRWHG� WKDW� DPSOLWXGH� GDWD� FRQWDLQ� YDOXDEOH� LQIRUPDWLRQ� RQ� WKH� UHIUDFWLYLW\� JUDGLHQW�DOWLWXGH� GLVWULEXWLRQ�� 7KLV� LQIRUPDWLRQ� LV� LPSRUWDQW� IRU� REVHUYLQJ� ZDYH� VWUXFWXUHV� DQG�HVWLPDWLQJ� WKH� SDUDPHWHUV� RI� QDWXUDO� SKHQRPHQD� LQ� WKH� XSSHU� DWPRVSKHUH�� $WWHPSWV� WR�FRPELQH�SKDVH�DQG�DPSOLWXGH�LQIRUPDWLRQ�E\�DSSO\LQJ�D�EDFNZDUG�PHWKRG�KDYH�EHHQ�PDGH�E\�*XUYLFK��*RUEXQRY��DQG�%HQJWVVRQ >����@��.DUD\HO�DQG�+LQVRQ >����@��0RUWHQVHQ�DQG +RHJ�>����@�� 0RUWHQVHQ� HW� DO�� >����@�� $Q� DWWHPSW� WR� DSSO\� D� PHWKRG� RI� GHFLSKHULQJ� WKH� UD\�VWUXFWXUH�LQ�UHJLRQV�RI�PXOWLSDWK�SURSDJDWLRQ�EDVHG�RQ�GLIIUDFWLRQ WKHRU\�DQG�WKH�SULQFLSOHV�RI�
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V\QWKHVL]HG� DSHUWXUH� KDV� EHHQ� GHVFULEHG� E\�*XUYLFK� DQG�*RUEXQRY >����@�� 7KH\� SURYLGHG�QXPHULFDO�PRGHOLQJ�RI�WKH�PHWKRG�DQG�VKRZQ�WKH�SRVVLELOLW\�IRU�WKH�UHILQHPHQW�RI�WKH�YHUWLFDO�UHVROXWLRQ� EH\RQG� WKH� )UHVQHO� VFDOH� XS� WR� YDOXH� a� ���� P� DW� ZDYHOHQJWK� ��� FP�� 5DGLR�KRORJUDSKLF�DSSURDFK�ZDV�VXJJHVWHG�IRU�WKLV�DLP�DOVR�E\�3DYHO\HY�HW�DO� >����������@��+RFNH�HW� DO� >����@� RQ� WKH� EDVLV� RI� WKH� IXQGDPHQWDO� WKHRUHWLFDO� UDGLR� RSWLFV� DSSURDFK� GHULYHG� E\�=YHUHY� >����@�� 0DLQ� WDVN� RI� ERWK� EDFNZDUG� SURSDJDWLRQ� DQG� UDGLR� KRORJUDSKLF� PHWKRGV�FRQVLVWV�LQ�GHYHORSLQJ�DOJRULWKPV�WKDW�XVLQJ�IXOO�SUHFLVLRQ�RI�*36�UDGLR�QDYLJDWLRQDO�ILHOG�IRU�DFKLHYLQJ� H[WUHPH� DFFXUDF\� DQG� VSDWLDO� UHVROXWLRQ� LQ� HYDOXDWLRQ� RI� DOWLWXGH� GHSHQGHQFH� RI�PHWHRURORJLFDO�DQG�LRQRVSKHULF�SDUDPHWHUV�IURP�UHVXOWV�RI�UDGLR�RFFXOWDWLRQ�PHDVXUHPHQWV��

�����5DGLR�KRORJUDSKLF�WHFKQLTXH
7KH�DSSOLFDWLRQ�RI� WKH� UDGLR�KRORJUDSKLF�DSSURDFK� WR� WKLV�REMHFWLYH�FRQVLVWV� LQ�XVLQJ�IRFXVHG�V\QWKHWLF�DSHUWXUH�PHWKRG��7KLV�DSSURDFK�FRPELQHV�WUDMHFWRU\�GDWD�DQG�WKH�UHIUDFWLYH�LQGH[�PRGHO�WR�REWDLQ�WKH�PD[LPDO�VSDWLDO�FRPSUHVVLRQ�RI�WKH�PDLQ�EHDP�VHSDUDWHO\�IURP�WKH�RWKHU� UD\V� WUDMHFWRULHV��7KLV�PDNHV�SRVVLEOH� WR� HYDOXDWH� WKH� LQWHQVLW\�RI� UDGLR�ZDYHV� DW� HDFK�EHDP�WUDMHFWRU\�DQG�WKH�FRUUHVSRQGLQJ�DQJXODU�GLVSODFHPHQW�IURP�D�UHIHUHQFH�EHDP��7KH�DLP�RI�WKLV�VHFWLRQ�LV�WR�WHVW�WKH�UDGLR�KRORJUDSKLF�FRQFHSW�E\�XVLQJ�WKH�UHVXOWV�RI�UDGLR�RFFXOWDWLRQ�PHDVXUHPHQWV�SURYLGHG�DW�ZDYHOHQJWKV����DQG����FP��*36�0(7�GDWD��DQG�WR� VKRZ�SRVVLELOLW\� RI� DSSOLFDWLRQ� FRPELQHG� SKDVH� DQG� DPSOLWXGH� UDGLR�RFFXOWDWLRQ�GDWD� IRU�REVHUYLQJ�ZDYH�VWUXFWXUHV�LQ�WKH�XSSHU�DWPRVSKHUH�7KH� VFKHPH� RI� UDGLR� RFFXOWDWLRQ� REVHUYDWLRQ� LV� VKRZQ� LQ� )LJ�� ����� 7KH� WHUUHVWULDO�DWPRVSKHUH� LV� PRGHOHG� ORFDOO\� DV� EHLQJ� VSKHULFDOO\� V\PPHWULFDO�� ZLWK� D� ORFDO� FHQWUH� RI�FXUYDWXUH� DW�2��2QH� RI� WKH� ³UD\� SDWKV´� IROORZHG� E\� UDGLR� VLJQDOV� SURSDJDWLQJ� IURP�*36� WR�/(2�VDWHOOLWHV��SRLQWV�*�DQG�7��UHVSHFWLYHO\��OLHV�LQ�WKH�SODQH�RI�)LJ�������ZKLFK�DOVR�FRQWDLQV�WKH�SRLQW�2��7KH�UD\�KDV�LPSDFW�SDUDPHWHU�S�DQG�FRUUHVSRQGLQJ�UHIUDFWLRQ�DQJOH�[�S�� 7KH�QH[W�FRQQHFWLRQV�DUH�H[LVWLQJ�EHWZHHQ�[�S� DQG�S IRU�WKH�FDVH�RI�VSKHULFDO�V\PPHWU\�

E �S�[�S��� T �P�DUFVLQ>S��5J�@� S �57VLQ�E�P�� �����
ZKHUH�57�5J LV�WKH GLVWDQFHV�72�DQG�*2��6LQFH�WKH�IXQFWLRQV�T�W���57�W���5J�W� DUH�NQRZQ�IURP�WUDMHFWRU\�GDWD��HTXDWLRQV�������JLYH�LPSDFW�SDUDPHWHU�S LI�WKH�UHIUDFWLRQ�DQJOH�[�S� RU�DQJOH�EDUH� PHDVXUHG�� ,Q� WKH� FDVH� RI� PXOWLEHDP� SURSDJDWLRQ� WKH� GHWHUPLQDWLRQ� RI� [�S� LV� GLIILFXOW�
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EHFDXVH� WKH�PDLQ�EHDP�*7� LV�REVHUYHG�RQ� WKH�SKRQH�RI� WKH� VXP�RI� WKH� ILHOGV�RI� VHFRQGDU\�EHDPV� WKDW� DUH� WRJHWKHU� ZLWK� WKH�PDLQ� EHDP� FRPSRQHQWV� RI� WKH� DQJXODU� VSHFWUXP� RI� UDGLR�ZDYHV�$V�E�� 7KH�DQJXODU�VSHFWUXP�SUHVHQWV�WKH�UDGLR�ILHOG�(�U�W� DV�D�VXSHUSRVLWLRQ�RI�ZDYHV�KDYLQJ�FRPSOH[�DPSOLWXGH�$VM�E� SURSDJDWLQJ�DW�GLIIHUHQW�DQJOHV�EM UHODWLYH�WR�WKH�OLQH�72�0��������������������������(�U�W� 66$V�M�EM��H[S>L�ZRW�N)�EM�W��@��M ��������������������������������������������������������

5J)�EM�W� ³³Q MGO� �����57)�EM�W� �6E�W��6�EM���� N �S�O��
ZKHUH�ZR �SIR��IR�FDUULHU�IUHTXHQF\�RI�UDGLR�ILHOG��QM�LV�WKH�UHIUDFWLYH�LQGH[�GLVWULEXWLRQ�DORQJ�M�WK�UD\�WUDMHFWRU\��0�LV�D�QXPEHU�RI�WKH�UD\�WUDMHFWRULHV�FRQQHFWLQJ�SRLQWV�7�DQG�*��0�PD\�EH�D�IXQFWLRQ�RI�WLPH�GHSHQGLQJ�RQ�SK\VLFDO�FRQGLWLRQV�LQ�WKH�DWPRVSKHUH���)�EM�W� LV�WKH�HLNRQDO�GHILQHG�DFFRUGLQJ�WR�.UDYWVRY�DQG�2UORY >����@��7KH�IXQFWLRQ�)�EM�W� LQFOXGHV�WKH�IUHH�VSDFH�6E�W� DQG�FRPELQHG� LRQRVSKHULF�DQG�DWPRVSKHULF�FRQWULEXWLRQV�6�EM� WR� WKH�HLNRQDO��7KH�UD\V�REVHUYHG� DW� SRLQW� 7� PD\� KDYH� GLIIHUHQW� RULJLQ� GXH� WR� UHIUDFWLRQ� LQ� WKH� DWPRVSKHUH� DQG�LRQRVSKHUH��VFDWWHULQJ�RQ�LUUHJXODULWLHV��GLIIUDFWLRQ�SKHQRPHQD�QHDU�FDXVWLFV��HWF��7KH�HLNRQDOV�6�EM� DULVLQJ�RZLQJ�WR�UHIUDFWLRQ�PHFKDQLVPV�KDYH�D�FRPPRQ�SURSHUW\�H[SUHVVHG�E\�WKH�QH[W�UHODWLRQ GHULYHG� XQGHU� DVVXPSWLRQV� RI� VSKHULFDO� V\PPHWU\� RI� WKH� DWPRVSKHUH� DQG� FLUFXODU�RUELWV�RI�/(2�DQG�*36�VDWHOOLWHV�>3DYHO\HY�DQG�<HOLVH\HY������@�)GM  O���G6�EM�W��GW� �O��SM�GT�GW�� �����
5HODWLRQ�������GHVFULEHV�FRQQHFWLRQ�RI�'RSSOHU�IUHTXHQF\�H[FHVV�)GM ZLWK�LPSDFW�SDUDPHWHU�SM�RI�M�WK�UD\��
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)LJ�������6FKHPH�RI�UDGLR�RFFXOWDWLRQ
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5HFRUG� RI� FRPSOH[� UDGLR� VLJQDOV� DORQJ� WKH� /(2� WUDMHFWRU\� LV� WKH� UDGLR� KRORJUDP¶V�HQYHORSH�WKDW�FRQWDLQV�WKH�DPSOLWXGH�$�W� DQG�SKDVH�SDWK�H[FHVV�\�W� N6H�W� RI�WKH�UDGLR�ILHOG�DV�IXQFWLRQV�RI�WLPH�ZKLFK�PD\�EH�FRPELQHG�LQ�WKH�FRPSOH[�IRUP��

(�W�� $�W��H[S>�L\�W�@������������ �����
7HPSRUDO� GHSHQGHQFLHV� RI� WKH� DPSOLWXGH�$�W� DQG� HLNRQDO� 6H�W� DUH� JLYHQ� LQ� WKH�*36�0(7�UDGLR� RFFXOWDWLRQ� GDWD�� 'HSHQGHQFH� (�W� RQ� WLPH� FRQWDLQV� LQIRUPDWLRQ� RQ� WKH� VSDWLDO�GLVWULEXWLRQ�RI�WKH�UDGLR�ILHOG��7KH�UDGLR�ILHOG�(�U�W� IURP�������LV�HTXDO�WR�(�W� IURP�������LI�ZR ���6E�W� ���WKH�IUHH�VSDFH�WHUP�LQ�HLNRQDO�LV�XVXDOO\�UHPRYHG�IURP�UDGLR�RFFXOWDWLRQ�GDWD��DQG�U�W� GHVFULEHV�WKH�RUELWDO�PRWLRQ�RI�/(2�VDWHOOLWH��$�UHIHUHQFH�ZDYH�ILHOG�(P�W� H[S>L\P�W�@��\P�W� �N6P�W� PD\�EH�XVHG� WR� UHYHDO� WKH�DQJXODU� VSHFWUD�$VM�EM� IURP� UDGLR�KRORJUDP��ZKHUH�\P�W� DQG�6P�W� DUH� WKH�H[SHFWHG�SKDVH�SDWK�H[FHVV�DQG�HLNRQDO� IRU� UDGLR�RFFXOWDWLRQ�UHJLRQ��7KH� UD\� FRUUHVSRQGLQJ� WR� WKH� SKDVH� IXQFWLRQ�\P�W� EHJLQV� LQ� WKH� SRLQW�*� DQG� LQWHUVHFWV� WKH�GLUHFWLRQ� 72� DW� DQJOH�EP�W� LQ� WKH� SRLQW� 7�� 7KH� IRUP� RI� WKH� HLNRQDO�6P�W� PD\�EH� GLIIHUHQW�GHSHQGLQJ� RQ� WKH� DWPRVSKHUH� SURSHUWLHV� DFFRUGLQJ� WR� VHDVRQ�� JHRJUDSKLF� SRVLWLRQ� DQG�H[SHFWHG� ZHDWKHU� FRQGLWLRQV� LQ� WKH� UDGLR� RFFXOWDWLRQ� UHJLRQ�� 7KH� IXQFWLRQ� 6P�W� PD\� EH�HYDOXDWHG�XVLQJ�YDULRXV�PRGHOV�RI� WKH�DWPRVSKHUH�DQG� LRQRVSKHUH�� IRU� H[DPSOH�� WKH�PRGHOV�SURSRVHG�E\�3DYHO\HY�HW�DO�� >����@��7KH�QH[W�HTXDWLRQ�PD\�EH�IRXQG�DIWHU�PXOWLSOLFDWLRQ�ERWK�VLGHV�������E\�WKH�UHIHUHQFH�ILHOG�(P�W��

0(�W��(P�W� $�W��H[S^�L>\�W��\P�W�@` 66$V�M�EM��H[S>�LN�6�EM�W��6P�W��@� �����M �8VLQJ�UHODWLRQ�������WKH�GLIIHUHQFH�6�E�W��6P�W� PD\�EH�SUHVHQWHG�LQVLGH�WKH�WLPH�LQWHUYDO��7���W�7�� LQ� WKH� IRUP� �XQGHU� DVVXPSWLRQ� GT�GW FRQVW� ZKLFK� LV� IXOILOOHG� IRU� WKH� FDVH� RI�FLUFXODU�RUELWV�RI�/(2�DQG�*36�VDWHOOLWHV��
6�EM�W��6P�W� 6RM�GT�GW>�SM�SP�W�G�SM�SP��GW�W�����«�GQ���SM�SP��GWQ��WQ�Q�@� �����

ZKHUH� DOO� GHULYDWLYHV� LQ� ������ DUH� FRUUHVSRQGLQJ� WR� WKH� WLPH LQVWDQW� W �� WKDW� GHWHUPLQHV� WKH�VSDWLDO�SRVLWLRQ�RI�WKH�SKDVH�FHQWHU�RI�WKH�IRFXVHG�V\QWKHWLF�DSHUWXUH��(TXDWLRQ�������JLYHV�WKH�SKDVH�GLVWULEXWLRQ�DORQJ�WKH�IRFXVHG�V\QWKHWLF�DSHUWXUH�IRU�M�WK�UD\�UHODWLYHO\�WR�WKH�UHIHUHQFH�



��
EHDP��,W�LV�FRQYHQLHQW�WR�DSSO\�D�VSHFWUDO�PHWKRG�IRU�VROXWLRQ��������)RU�WKLV�DLP�LW�LV�QHFHVVDU\�WR�PXOWLSO\�ERWK�SDUWV�RI�������E\�IDFWRU�H[S��LZW�� DQG�LQWHJUDWH�RQ�WLPH�LQ�WKH�LQWHUYDO��L��d W�d L��� ,Q�WKH�UHVXOW�WKH�PDLQ�SRZHU�ZLOO�FRUUHVSRQG�WR�WKH�UD\V�WKDW�DUH�PDWFKHG�ZLWK�IXQFWLRQ�6P�W� LQ�WKH�VHQVH�WKDW�RQO\�WZR�WHUPV�LQ�WKH�ULJKW�VLGH�RI�������PD\�EH�UHWDLQHG��)RU�VXFK�UD\V�DIWHU� LQWHJUDWLRQ� WKH� QH[W� HTXDWLRQ� GHVFULELQJ� UDGLR� KRORJUDP¶V� VSHFWUXP� :�Z� PD\� EH�REWDLQHG�

7�� 0�:�Z� ��³³GW(�W��(P�W�H[S��LZW� 66$V�EM�GEI�Z�ZM���������ZM  N�GT�GW��SM�SP�R � ������7�� - �
I�Z�ZM� H[S��LN6RM��VLQ; M��; M������; M  7�Z�ZM����������������������������������������������������������������

ZKHUH�0� LV�D�QXPEHU�RI�UD\V�WKDW�DUH�LQ�FRKHUHQFH�ZLWK�WKH�UHIHUHQFH�EHDP�$FFRUGLQJ� WR��������WKH�PRGXOH�RI�IXQFWLRQ� I�Z�ZM� � KDV�D�VKDUS�PD[LPXP�DW�YDOXH�RI�DQJOH�EM� HTXDO�WR�
EM DUFVLQ>Z�NY�VLQ�EP�PR�@ � PR����������Y 57�GT�GW�� �����

7KXV� WKHUH� LV� FRUUHVSRQGHQFH� EHWZHHQ� DQJOH� EM DQG� WKH� DQJXODU� IUHTXHQF\�Z GHVFULEHG� E\��������7KH�PHDVXUHG�YDOXH�RI�WKH�DQJOH�EM LV�FRUUHVSRQGLQJ�WR�WKH�WLPH�LQVWDQW�W ���$FFRUGLQJ�WR�������������WKH�DQJXODU�VSHFWUXP�$VM�EM�Z�� PD\�EH�IRXQG�IURP�DSSUR[LPDWH�HTXDWLRQ�_$V�M �EM�Z��_|_:�Z�_�S��������������������������������������������������������������������������������
7KH� DQJXODU� ZLGWK� RI� WKH� PD[LPXP� 'E GHSHQGV� RQ� 7� ,I� 7 LQFUHDVHV�� WKH� DQJXODU�UHVROXWLRQ� LQ� WKH� DQJXODU� VSHFWUXP� LQFUHDVHV� DQG�'E GLPLQLVKHV��5HVXOWLQJ� UHVROXWLRQ� LQ� WKH�DQJXODU�VSHFWUXP�'E DQG�FRUUHVSRQGLQJ�YHUWLFDO�UHVROXWLRQ�'K FDQ�EH�IRXQG�IURP�

'E O'I���Y�������'I ��7������'E S��7NY�������'K /'E������/|�U��S������ ������
ZKHUH�N �S�O� 7 LV�WKH�WLPH�RI�FRKHUHQW�GDWD�KDQGOLQJ��$FFRUGLQJ�WR�(T���������WKH�DFFXUDF\�RI� WKH� UDGLR�KRORJUDSKLF�PHWKRG� LQFUHDVHV�ZKHQ�Y DQG�7 DUH�JURZLQJ�DQG� WKH�ZDYHOHQJWK� LV�GLPLQLVKLQJ��7KH�ZDYHOHQJWK�GHSHQGHQFH�RI�DQJXODU�UHVROXWLRQ��(T����������LV�GLVWLQFW�IURP�WKH�)UHVQHO�RQH��'E�UDGLRKRORJUDSKLF�aO DQG�'E�)UHVQHO�aO�����'XH� WR� WKLV�GLIIHUHQFH�� WKH� UDGLR�KRORJUDSKLF� PHWKRG� VHHPV� WR� EH� DQ� HIIHFWLYH� WRRO� IRU� UDGLR� RFFXOWDWLRQ� GDWD� DQDO\VLV�� 7KH�



��
DQJXODU�SRVLWLRQ�RI� WKH�PDLQ�EHDP�E DFFRUGLQJ� WR� ������ LV� UHODWHG� WR� WKH� LPSDFW�SDUDPHWHU�S�DQG� EHQGLQJ� DQJOH� [�S�� $IWHU� HVWLPDWLQJ� GHSHQGHQFH� [�S� WKH� VWDQGDUG� $EHO� LQYHUVLRQ�SURFHGXUH�PD\�EH�XVHG�IRU�GHWHUPLQDWLRQ�WKH�UHIUDFWLYH�LQGH[�DOWLWXGH�SURILOH�DV�GHVFULEHG�E\�*RUEXQRY�HW�DO� >����@��7KH�DQDO\VLV�RI�HUURUV�FRQQHFWHG�ZLWK�SRVVLEOH�LQIOXHQFH�RI�WKH�FKRLFH�RI� WKH�GDWD�ZLQGRZ�OHQJWK� LV�GLVFXVVHG�E\�+RFNH�HW�DO� >����@�� ,W� IROORZV�IURP�WKLV�DQDO\VLV�WKDW� WKH� DQJXODU� UHVROXWLRQ� RI� WKH� UDGLR� KRORJUDSKLF�PHWKRG�PD\� DFKLHYH� ����PLFURUDGLDQV��7KH� DQJXODU� VSHFWUXP�PD\� EH� SURORQJHG� DORQJ� WKH� UD\V� XS� WR� DQ\� SODQH� GLVSRVHG� QHDU� WKH�DWPRVSKHUH��,Q� WKLV�FDVH� WKH�DQJXODU�VSHFWUXP�PD\�EH�LQWHUSUHWHG�DV�³UDGLR�LPDJH´�RU�³UDGLR�EULJKWQHVV�GLVWULEXWLRQ´�RI�WKH�DWPRVSKHUH�DQG�LRQRVSKHUH�DV�VHHQ�IURP�WKH�/(2�RUELW��,W�PD\�EH�QRWHG�WKDW�WKHUH�H[LVWV�D�GHHS�DQDORJ\�EHWZHHQ�WKH�IRFXVHG�V\QWKHWLF�DSHUWXUH�PHWKRG�DSSOLHG� WR�KLJK�UHVROXWLRQ� UDGDU� LPDJLQJ� �VHH�� IRU�H[DPSOH��:HKQHU� >����@�� VHFWLRQ����� 6$5� 7KHRU\� �)RFXVHG� $SHUWXUH��� DQG� WKH� UDGLR� KRORJUDSKLF� DSSURDFK�� H[FHSW� WKH� RQO\�GLIIHUHQFH��D�WDUJHW�LQ�WKH�UDGLR�RFFXOWDWLRQ�FDVH�LV�D�UD\��PRYLQJ�WKURXJK�WKH�DWPRVSKHUH��7KH�PDLQ�UHTXLUHPHQW�LQ�WKH�ERWK�FDVHV�LV�WR�ILQG�VXFK�IXQFWLRQ�\P�W� WKDW�JLYHV�PLQLPXP�DQJXODU�ZLGWK�RI� WKH�PDLQ�PD[LPXP�LQ� WKH�DQJXODU�VSHFWUXP��7KLV�PD\�EH�FRQVLGHUHG�DV�PD[LPXP�VSDWLDO� FRPSUHVVLRQ� RI� WKH� UDGLR� RFFXOWDWLRQ� VLJQDO�� )RU� IXOILOOLQJ� WKLV� UHTXLUHPHQW� WKH�UHIUDFWLYLW\� DOWLWXGH� GHSHQGHQFH� XVHG� LQ� WKH� UDGLR� SK\VLFDO� PRGHO�PXVW� EH� FORVH� WR� WKH� UHDO�KHLJKW�GHSHQGHQFH�RI�WKH�UHIUDFWLYH�LQGH[�LQ�WKH�UDGLR�RFFXOWDWLRQ�UHJLRQ��,I�WKH�XVHG�PRGHO�RI�D�WDUJHW�LV�DFFXUDWH�WKHQ�H[WUHPH�LQVWUXPHQWDO�VSDWLDO�UHVROXWLRQ�PD\�EH�DFKLHYHG��RQH�KDOI�RI�WKH� UHDO� DQWHQQDµV� DSHUWXUH� LQ� WKH� UDGDU� FDVH� DV� LW� GHVFULEHG�E\�:HKQHU� >����@�� WKH� DQJXODU�DFFXUDF\�'E DQG�YHUWLFDO�UHVROXWLRQ�'K IURP�(T���������LQ�WKH�UDGLR�RFFXOWDWLRQ�FDVH���5HDOO\�WKH� UHVROXWLRQ�PD\�EH� ORZHU�RZLQJ� WR� LQIOXHQFH�RI� WXUEXOHQFH��KRUL]RQWDO� LUUHJXODULW\� RI� WKH�DWPRVSKHUH�DQG�RWKHU�HIIHFWV� WKDW�FDQ¶W�EH�SUHGLFWHG�E\�UHIHUHQFH�PRGHO��7KXV�VSHFWUDO�UDGLR�KRORJUDSKLF�PHWKRG� UHYHDOV� RQO\� WKH� UD\V� LQ� WKH� DQJXODU� VSHFWUXP� WKDW� DUH� LQ� FRKHUHQFH� �RU�PDWFKHG�LQ�WKH�VHQVH�RI�KLJK�UHVROXWLRQ�UDGDU�LPDJLQJ�WHFKQRORJ\��ZLWK�WKH�UHIHUHQFH�EHDP�7KH�DQJXODU�VSHFWUXP�PD\�EH�SURORQJHG�DORQJ�WKH�FRUUHVSRQGLQJ�UD\V�LQ�WKH�SODQH�3*2�XS�WR�DQ\�VWUDLJKW�OLQH�GLVSRVHG�QHDU�WKH�DWPRVSKHUH��IRU�H[DPSOH��''¶�LQ�)LJ��������,Q�WKLV�FDVH�WKH�DQJXODU�VSHFWUXP�PD\�EH�LQWHUSUHWHG�DV�WKH�³UDGLR�LPDJH´�RU�³UDGLR�EULJKWQHVV�GLVWULEXWLRQ´�RI�WKH� DWPRVSKHUH� DQG� LRQRVSKHUH� DV� VHHQ� IURP� WKH� /(2� VDWHOOLWH¶V� RUELW�� $V� DQ� H[DPSOH�� WKH�UHVXOWV�RI�DQ�DSSOLFDWLRQ�RI�WKH�UDGLR�KRORJUDSKLF�DSSURDFK�WR�WKH�DQDO\VLV�RI�*36�0(7�UDGLR�RFFXOWDWLRQ� GDWD� �HYHQW� 1R������� )HEUXDU\� ���� ������ DUH� VKRZQ� LQ� )LJ�� ����� 7KH� YHUWLFDO�



��
GLVWULEXWLRQ� RI� UDGLR� EULJKWQHVV� UHYHDOV� D� KLJK� YHUWLFDO� UHVROXWLRQ� RI� DERXW� ������ P� LQ� WKH�PHVRVSKHUH��XSSHU�OHIW�SDQHO�RI�)LJ��������7KH�UDGLR�EULJKWQHVV�GLVWULEXWLRQ�LQ�WKH�WURSRVSKHUH�DW�D� OHYHO�RI���NP�LV�VKRZQ�LQ�)LJ�������DW�XSSHU�ULJKW�SDQHO�DQG�WKH�WZR�ORZHU�SDQHOV���7KH�WZR�SURPLQHQW� IHDWXUHV�� UHSUHVHQWLQJ� WKH�PDLQ�EHDP�DQG� WKH�VLJQDO�� UHIOHFWHG� IURP� WKH�VHD¶V�VXUIDFH��ZHUH�REVHUYHG�ZLWK�D�YHUWLFDO�UHVROXWLRQ�RI�DERXW����P��)LJ������GHPRQVWUDWHV�WKDW�WKH�UDGLR� KRORJUDSKLF� PHWKRG� PD\� EH� FDSDEOH� RI� UHVROYLQJ� VRPH� GHWDLOV� LQ� RQH�GLPHQVLRQDO�YHUWLFDO�UDGLR�LPDJHV�RI�WKH�DWPRVSKHUH��RQ�WKH�VFDOH�RI�������PHWHUV��DQG�WKLV�FRUUHVSRQGV�WR�D�VSDWLDO�UHVROXWLRQ�RI�DERXW������RI�WKH�VL]H�)UHVQHO�]RQH��7KLV�YDOXH�LV�VRPHZKDW�KLJKHU�WKDQ�WKH� PDJQLWXGH� RI� WKH� H[SHFWHG� VSDWLDO� UHVROXWLRQ� RI� DERXW� ���� P� WKDW� FRUUHVSRQGV� WR� WKH�EDFNZDUG�SURSDJDWLRQ�PHWKRG�DV�PRGLILHG�E\�0RUWHQVHQ�HW�DO�� >����@��$QDO\VLV�RI�WKH�UDGLR�KRORJUDP� JLYHV� WKH� DQJXODU� VSHFWUXP� RI� WKH� UDGLR�ZDYHV� DW� SRLQW� 3� DQG� WKH� GLVWULEXWLRQ� RI�UDGLR� EULJKWQHVV� DORQJ� WKH� OLQH� ''¶� �)LJ�� ������ 7KH� DQJXODU� SRVLWLRQ� RI� WKH� PDLQ� EHDP� EGHWHUPLQHV�WKH�LPSDFW�SDUDPHWHU�S DQG�WKH�EHQGLQJ�DQJOH�[�S� �)LJ��������$IWHU�WKH�GHSHQGHQFH�[�S� RQ� S KDV� EHHQ� HVWLPDWHG�� WKH� VWDQGDUG� $EHO� LQYHUVLRQ� SURFHGXUH PD\� EH� XVHG� IRU�GHWHUPLQDWLRQ�RI�WKH�UHIUDFWLYH�LQGH[�DOWLWXGH�SURILOH�>*RUEXQRY�HW�DO������@��



��

)LJ�� ����� 5DGLR� EULJKWQHVV� GLVWULEXWLRQ� LQ� WKH� (DUWK¶V� DWPRVSKHUH� DV� VHHQ� IURP� WKH� /(2�VDWHOOLWH��7RS�OHIW�SDQHO��PHVRVSKHUH��VLQJOH�EHDP�SURSDJDWLRQ��D�YHUWLFDO�UHVROXWLRQ�RI�DERXW����P��7RS�ULJKW�DQG�WZR�ORZHU�SDQHOV��WKH�VLJQDO��WKDW�KDV�EHHQ�UHIOHFWHG�IURP�WKH�VHD��LV�YHU\�ZHOO� UHVROYHG� UHODWLYH� WR� WKH� PDLQ� EHDP� LQ� WKH� WURSRVSKHUH�� 7KH� WLPH� LQWHUYDO� EHWZHHQ�VXFFHVVLYH� SORWV� LV� DERXW� ����� VHFRQGV�� &RPSDULQJ� WKH� SRVLWLRQ� RI� WKH� UHIOHFWHG� VLJQDO� LQ�QHLJKERULQJ�SDQHOV�VKRZV�WKH�PRWLRQ�RI�WKH�PDLQ�EHDP��7KH�YHUWLFDO�UHVROXWLRQ�LV�DERXW����P�



��
�����5HYHDOLQJ�PXOWLEHDP�SURSDJDWLRQ

$SSOLFDWLRQ�RI�UDGLR�KRORJUDSKLF�SULQFLSOH�WR�SUHOLPLQDU\�DQDO\VLV�RI�UDGLR�RFFXOWDWLRQ�GDWD��³0,5´�*(2��DW�ZDYHOHQJWK����FP��*36�0(7�DW�ZDYHOHQJWK����DQG����FP��OHG�WR�GLUHFW�REVHUYDWLRQ�PXOWLEHDP�SURSDJDWLRQ�LQ�WKH�WURSRVSKHUH��$Q�H[DPSOH�RI�PXOWLEHDP�SURSDJDWLRQ�LQ� WURSRVSKHUH� �DW� OHYHO�+ �� NP�� REWDLQHG� IURP� UDGLR� RFFXOWDWLRQ� H[SHULPHQW�0,5�*(2� LV�VKRZQ�LQ�)LJ�������OHIW�SDUW���7KH�WLPH�LQWHUYDO�EHWZHHQ�QHLJKERXULQJ�VSHFWUD�LV�HTXDO�WR������VHF�� 7KLV� YDOXH� FRUUHVSRQGV� WR� GLVWDQFH� QHDUO\� ���� P� DORQJ� WKH� /(2� WUDMHFWRU\�� 7KH� WLPH�LQFUHDVHV�IURP�ORZHU�OHIW�FRUQHU�LQ�XSZDUG�GLUHFWLRQ�WR�ULJKW�WRS�FRUQHU�LQ�)LJ�������OHIW�SDUW���7KH�ZLGWK�RI�PDLQ�EHDP�LQ�DQJXODU�VSHFWUXP�DW�WKH�KDOI�SRZHU�OHYHO�LV�DERXW����PLFURUDGLDQ��7KLV�YDOXH�FRUUHVSRQGV�WR�YHUWLFDO�H[WHQW�RI� WKH�EHDP�LQ�WURSRVSKHUH�RI�WKH�RUGHU����P��7KH�SRZHU� LQ� WKH� VHFRQGDU\� EHDP� DQG� LWV� YHUWLFDO� VL]H� LV� VRPH� WLPHV� RI� WKH� RUGHU� RI� WKH�FRUUHVSRQGLQJ�YDOXHV�RI�WKH�PDLQ�EHDP��7KH�FKDQJHV�LQ�DQJXODU�VSHFWUXP�DUH�FRQQHFWHG�ZLWK�VSDWLDO� GLVWULEXWLRQ� RI� UDGLR� ILHOG�� 8VXDOO\� RQO\� RQH� PD[LPXP� FRUUHVSRQGLQJ� WR� VLQJOH� UD\�WUDMHFWRU\� �FRQQHFWLQJ� WUDQVPLWWHU� LQVWDOOHG� RQ� RUELWDO� VWDWLRQ� ³0,5´� DQG� UHFHLYHU� RQ� JHR�VWDWLRQDU\�VDWHOOLWH��*(2���LV�VHHQ��IRU�H[DPSOH��� WKH�VSHFWUXP�LQ�WKH�OHIW�ORZHU�FRUQHU�LQ�)LJ�������+RZHYHU�WKH�JUDGXDO�WUDQVLWLRQ�IURP�RQH�WR�WKUHH�EHDP�SURSDJDWLRQ�PRGH�LV�QRWLFHDEOH�LQ�)LJ�������7KLV�HIIHFW�LV�FRQQHFWHG�ZLWK�LQWHUVHFWLRQ�RI�FDXVWLF�ERXQGDU\��'HWDLOV�RI�WKLV�SURFHVV�DUH� LPSRUWDQW� IRU� IXQGDPHQWDO� WKHRU\� RI� UDGLR� ZDYH� SURSDJDWLRQ� LQ� OD\HUHG� DWPRVSKHUH��5HVXOWV� REWDLQHG� E\� UDGLR� KRORJUDSKLF� PHWKRG� DQG� VKRZQ� LQ� )LJ�� ���� JLYH� WKH� ILUVW�H[SHULPHQWDO� HYLGHQFH� RI� FDXVWLFV� VXUIDFH� LQWHUVHFWLRQ� REVHUYHG� IURP� VSDFH� DQG� UHYHDO�FRQQHFWHG�GLIIUDFWLRQ�SKHQRPHQD��+LJK�YHUWLFDO�UHVROXWLRQ�RI�UDGLR�KRORJUDSKLF�PHWKRG�LV�DOVR�HYLGHQW� IURP� DQDO\VLV� RI *36�0(7� UDGLR� RFFXOWDWLRQ� GDWD�� 7KH� UHVXOWLQJ� YHUWLFDO� UDGLR�EULJKWQHVV�GLVWULEXWLRQV�DUH�VKRZQ�LQ�)LJ�������ULJKW�SDUW���7KLV�GDWD�DUH�UHODWLQJ�ZLWK�RQH�UDGLR�RFFXOWDWLRQ� HYHQW� ��� )HEUXDU\� ����� �1R�� ������� 7KH� XSSHU� FXUYH� GHVFULEHV� H[SHULPHQWDO�DQJXODU� VSHFWUXP� DW� KHLJKW� HTXDO� WR� ��� NP�� 7KH� ZLGWK� RI� WKH� PD[LPXP� LV� DERXW� ���PLFURUDGLDQ�DQG�LWV�YHUWLFDO�VL]H� LV�QHDU����P��7KH�EURDGHQLQJ�RI�DQJXODU�VSHFWUXP�LQ�XSSHU�DWPRVSKHUH�PD\�EH�FRQQHFWHG�ZLWK�SRVVLEOH�WXUEXOHQFH�HIIHFWV��5DGLR�EULJKWQHVV�GLVWULEXWLRQ�LQ�WKH�WURSRVSKHUH�DW�OHYHO�+ �����NP�LV�VKRZQ�LQ�ULJKW�ORZHU�FRUQHU�RI�)LJ�������2QH�SL[HO�LQ�DQJXODU� VSHFWUXP� FRUUHVSRQGV� WR� ������PUDG� YDULDWLRQ� LQ� DUULYDO� DQJOH� DQG� ���P� FKDQJH� LQ�KHLJKW�RI�UD\�SHULKHOLRQ��,W� IROORZV�IURP�)LJ������WKDW�UDGLR�KRORJUDSKLF PHWKRG�PD\�UHVROYH�GHWDLOV� LQ� RQH�GLPHQVLRQDO� YHUWLFDO� UDGLR� LPDJH� RI� WKH� DWPRVSKHUH�ZLWK� VFDOH� ������PHWUHV��ZKLFK� FRUUHVSRQGV� WR� VSDWLDO� UHVROXWLRQ� a� ����� RI� )UHVQHO¶V� ]RQH� VL]H�� 7KLV� YDOXH� LV� VRPH�



��
KLJKHU� WKDQ� PDJQLWXGH� RI� H[SHFWHG� VSDWLDO� UHVROXWLRQ� a� ���� P� FRUUHVSRQGLQJ� WR� PRGLILHG�YHUVLRQ�RI�EDFNZDUG�SURSDJDWLRQ�PHWKRG�DV�GHVFULEHG�E\�0RUWHQVHQ�DQG�+RHJ >����@��7KH�YDOXH�RI�YHUWLFDO�UHVROXWLRQ�PD\�EH�JUHDWHU�E\�FKRRVLQJ�PRUH�KHLJKWHQ�YDOXHV�RI�WLPH�LQWHUYDO�7 DFFRUGLQJ�WR�HTXDWLRQ���������

)LJ�������(YLGHQFH�RI�PXOWLEHDP�SURSDJDWLRQ�IURP�GDWD�RI�0,5�*(2�DQG�*36�/(2�UDGLR�RFFXOWDWLRQ�H[SHULPHQWV�



��
�����&RPSDULVRQ�RI�WHPSHUDWXUH�SURILOHV
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w�OQU��wW�9�+�W�w�OQU��w+ ��G9�+�W��G+� ������
'HSHQGHQFH�RI� WKH� LRQ�YHORFLW\�9�+�W� � RQ� WKH� WLPH�W�DQG�KHLJKW�+ LV�DVVXPHG�LQ�WKH�IRUP�
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WOQ>U�+�W��U�+���@ �7L�W�GY�+��G+�Y�+� ³7�W�w�OQU�+�W���w+�GW���������������������� ������RW7L�W� ³7�W�GW�������������������������������������������������������������������������������� ������R/LQHDU�DSSUR[LPDWLRQ�PD\�EH�XVHG�IRU�HVWLPDWLRQ�WKH�WLPH�GHSHQGHQFH�w�OQU�+�W���w+�

w�OQU�+�W��w+ |^Ww�OQU�+�W��w+ ��w�OQU�+����w+@�W�W�`�W� ������
$SSUR[LPDWLRQ��������PD\�EH�XVHG�IRU�VROXWLRQ�GLIIHUHQWLDO�HTXDWLRQ��������DQG�WKH�IXQFWLRQ�7L�W�Y�+� PD\�EH� IRXQG� LI� WKH� IXQFWLRQ� OQU�+�W�� OQU�+����LV� NQRZQ� IURP�H[SHULPHQWDO� GDWD��1HDU� WKH� PD[LPXP� RI� HOHFWURQ� GHQVLW\� + +P w�OQU��w+�  � DQG� WKH� WLPH� LQWHJUDO� RI� WKH�YHUWLFDO�JUDGLHQW�RI�WKH�SODVPD�YHORFLW\�GY�+��G+ LV�HTXDO�WR�

�7L�W�GY�+P��G+� �OQ>U�+P�W��U�+P���@�������������
$FFRUGLQJ� WR� WKLV� HTXDWLRQ� WKH�SODVPD�FRQFHQWUDWLRQ� LV� LQFUHDVHG� UHODWLYH� LQLWLDO�YDOXH�ZKHQ�PDJQLWXGH�RI��7L�W�G�Y�+P���G+ LV�SRVLWLYH�DQG�GLPLQLVKHV�LQ�WKH�RSSRVLWH�FDVH��6R�SRVLWLRQ�RI�PD[LPXP�SODVPD�GHQVLW\�FRUUHVSRQGV�WR�PD[LPDO�YDOXHV�RI�PDJQLWXGH�RI�YHUWLFDO�JUDGLHQW�RI�LRQ�YHORFLW\��7KXV�SRVLWLRQ�RI�PD[LPXPV�RI�HOHFWURQ�GHQVLW\�SURILOHV�FRUUHVSRQGV�WR�]RQH�RI�FRQYHUJHQFH�RI�YHUWLFDO PRWLRQ�RI�LRQV�LQ�WKH�'� DQG�(�OD\HU�RI�WKH�LRQRVSKHUH��,Q�WKH�FDVH�RI�ZLQG�VKHDU�HIIHFW��DFFRUGLQJ�WR�:KLWHKHDG�>����@�DQG�.HOO\�>����@��WKH�QH[W�FRQQHFWLRQ�H[LVWV�EHWZHHQ�WKH�YHUWLFDO�LRQ�YHORFLW\�Y�+� DQG�KRUL]RQWDO�QHXWUDO�ZLQG�YHORFLW\�8A�+��

7L�W�G8A�G+ ���E]������>NL����NL��@��7L�W�GY�+��G+� ������
ZKHUH�NL LV� WKH�UDWLR�RI�WKH�LRQV�J\UR�IUHTXHQF\�WR�FROOLVLRQ�IUHTXHQF\��8 LV�WKH�QHXWUDO�ZLQG�YHORFLW\��8A LV�WKH�KRUL]RQWDO�ZLQG�FRPSRQHQW�ZKLFK�LV�SHUSHQGLFXODU�WR�KRUL]RQWDO�GLUHFWLRQ�RI� WKH� WHUUHVWULDO� PDJQHWLF� ILHOG�� %
 LV� DQ� XQLW� YHFWRU� GHVFULELQJ� GLUHFWLRQ� RI� WKH� (DUWKµV�PDJQHWLF�ILHOG��E] LV�YHUWLFDO�FRPSRQHQW�RI�WKH�XQLW�YHFWRU�%
� (TXDWLRQV���������������PD\�EH�XVHG�WR�HVWLPDWH�WKH�KRUL]RQWDO�ZLQG�YHORFLW\�YHUWLFDO�SURILOH��$FFRUGLQJ�WR�(TV�����������������RQO\�WLPH�LQWHJUDO�RI�YHUWLFDO�YHORFLW\�:�+� �7L�W�Y�+� PD\�EH�GHILQHG�XVLQJ�NQRZQ�HOHFWURQ�GHQVLW\� YHUWLFDO� SURILOH� U�+�W��� 'HWDLOV� RI� WKH� VWUXFWXUH� RI� WKH� VSRUDGLF� (�OD\HU� DQG� LQLWLDO�GLVWULEXWLRQ�RI�HOHFWURQ�GHQVLW\�1H�+��� DVVXPHG�IRU�WKH�VHDUFK�RI�WKH�KRUL]RQWDO�ZLQG�YHORFLW\�



��
YHUWLFDO�SURILOH�LQ�D�VSRUDGLF�(�OD\HU�DUH�JLYHQ�LQ�)LJ��������7KH�UHVXOWV�RI�TXDOLWDWLYH�UHWULHYLQJ�YHUWLFDO� SURILOHV� RI� KRUL]RQWDO�ZLQG� YHORFLW\� DQG� LWV� JUDGLHQW� DUH� VKRZQ� LQ� )LJ�� ������ 7KH�PD[LPXP�YDOXH� RI� WKH�KRUL]RQWDO�ZLQG�YHORFLW\� YHUWLFDO� JUDGLHQW� LV� REVHUYHG�DW� KHLJKW� �����NP��7KH�ZLQG�YHORFLW\�DW�WKLV�KHLJKW�VKRZV�FKDQJHV�IURP�DQ�HDVWZDUG�WR�D�ZHVWZDUG�GLUHFWLRQ��3UHOLPLQDU\� UHVXOWV�RI� WKH� ILUVW� UDGLR�RFFXOWDWLRQ�REVHUYDWLRQ�RI� WKH�ZLQG� VKHDU� LQGLFDWHG� WKH�SRVVLELOLW\�RI�TXDOLWDWLYH�PHDVXUHPHQWV�RI�WKH�YHUWLFDO�JUDGLHQW�RI�KRUL]RQWDO�ZLQG�YHORFLW\�LQ�D�VSRUDGLF�(�OD\HU��7KXV��WKHUH�DUH�VRPH�DUJXPHQWV�WKDW�WKH�WHFKQLTXH�RI�XVLQJ�KLJK�DFFXUDF\�UDGLR�RFFXOWDWLRQ�WR�PHDVXUH�SDUDPHWHUV�RI�DQ�LRQRVSKHULF�(�OD\HU�PD\�EH�DSSOLHG�LQ�WKH�IXWXUH�IRU�REVHUYDWLRQV�RI�ZLQG�VKHDU�SDUDPHWHUV�DQG�SRVLWLRQV�LQ�WKH�XSSHU�DWPRVSKHUH��7KH� UDGLR� RFFXOWDWLRQ� GDWD� REWDLQHG� PD\� EH� FRPSDUHG� ZLWK� UHVXOWV� RI� GLUHFW� URFNHW�PHDVXUHPHQWV�SURYLGHG�E\�,JDUDVKL�HW�DO� >����@��<DPDPRWR�HW��DO��>����@�LQ�$XJXVW��������7KHLU� H[SHULPHQWDO� UHVXOWV� FRPSDUH� WKH� DOWLWXGH�HOHFWURQ� GHQVLW\� DQG� QHXWUDO�ZLQG� YHORFLW\�SURILOHV�DV�LW�FDQ�EH�VHHQ�LQ�)LJ�������7KH�VKDUS�(�OD\HU�KDYLQJ�D�SHDN�RI�HOHFWURQ�GHQVLW\�QHDU������ FP�� LQ�)LJ�������LV�VLPLODU�WR�WKH�(�OD\HU�IRUP�VKRZQ�LQ�)LJ�������7KH�ZLGWK�RI�WKH�(�OD\HU�LQ�ERWK�FDVHV�LV�QHDU���NP�DQG�WKH�KHLJKWV�RI�WKH�PDLQ�SHDNV�DUH�ORFDWHG�LQ�WKH�LQWHUYDO��������NP��7KH�GLUHFW�PHDVXUHPHQWV�RI�ZLQG�YHORFLW\�VKRZ�D�WHQVH�FRQQHFWLRQ�RI�WKH�OHYHOV�ZLWK� VKDUS� YHUWLFDO�YHORFLW\� JUDGLHQW� �ZLQG� VKHDU�� DQG� WKH� ORFDWLRQV� RI� WKH� PD[LPXPV� RI�HOHFWURQ� GHQVLW\� GLVWULEXWLRQ�� )RU� GHWHUPLQDWLRQ� RI� DEVROXWH� YDOXHV� RI� ZLQG� YHORFLW\� LW� LV�QHFHVVDU\�WR�FDOLEUDWH�WKH�UDGLR�RFFXOWDWLRQ�REVHUYDWLRQV�ZLWK�HDUWK�EDVHG�LRQRVRQGV�GDWD�
�����$QDO\VLV�RI�D�SRVVLELOLW\�RI�UHYHDOLQJ�IHDWXUHV�LQ�KXPLGLW\�YHUWLFDO�GLVWULEXWLRQ7KH�DPSOLWXGH�GDWD�FRQWDLQ�LPSRUWDQW�LQIRUPDWLRQ�RQ�WKH�UHIUDFWLYLW\�YHUWLFDO�JUDGLHQW�G1�K��GK��7KLV�LQIRUPDWLRQ�PD\�EH�XVHG�IRU�UHVWRUDWLRQ�YHUWLFDO�JUDGLHQW�RI�WHPSHUDWXUH�DQG�LQ�WKH�FDVH�RI�VRPH�LQIRUPDWLRQ�RQ�WKH�UDGLR�RFFXOWDWLRQ�UHJLRQ��YHUWLFDO�KXPLGLW\�SURILOH��,Q�WKLV�VHFWLRQ�D�VKRUW�DQDO\VLV�RI�SRVVLELOLW\�RI�GHWHUPLQDWLRQ�RI�KXPLGLW\�IHDWXUHV�ZLOO�EH�GLVFXVVHG��)RU�DQDO\VLV�WKH�IRUPXOD�RI�K\GURVWDWLF�HTXLOLEULXP�PD\�EH�XVHG��(TXDWLRQ�RI�WKH�K\GURVWDWLF�HTXLOLEULXP�FRQQHFWV�WKH�WHPSHUDWXUH�T(h) in K, pressure P(h) in mb, and water vapor pressure 

e(h) [mb] SURILOHV� K3 3R H[S^�³ 7[ GK�>7�������� H�3�@`� ������KR
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)LJ��������'LVWULEXWLRQ�RI�HOHFWURQ�GHQVLW\�LQ�VSRUDGLF������������)LJ��������4XDOLWDWLYH�LQIRUPDWLRQ�RQ�WKH�YHUWLFDO(�OD\HU�������������������������������������������������������������������������������������SURILOH�RI�WKH�KRUL]RQWDO�ZLQG�YHORFLW\�

)LJ��������&RPSDULQJ�UHVXOWV�RI�URFNHW�PHDVXUHPHQWV�RI�YHUWLFDO�SURILOH�RI�WKH�HOHFWURQ�GHQVLW\�DQG�(DUWK�EDVHG�PHDVXUHPHQWV�RI�DOWLWXGH�SURILOH�RI�KRUL]RQWDO�ZLQG�YHORFLW\



��
7[  JP��N�����������������������������������������������������������������������������������������������������ZKHUH�K�� KR DUH� WKH�KHLJKWV� DERYH� WKH� VHD� OHYHO��P�� PROHFXODU�PDVV�RI�GU\�DLU��N�%ROW]PDQ�FRQVWDQW��J� (DUWK�JUDYLW\�DFFHOHUDWLRQ�

J JR������������FRV�M�������������K��������������������������������������������������������
ZKHUH�7[ >.�NP@�LV�WKH�PDLQ�SK\VLFDO�SDUDPHWHU�RI�WKH�WHPSHUDWXUH�SURILOH�LQ�WKH�DWPRVSKHUH�GHSHQGLQJ� RQ� WKH� PROHFXODU� PDVV� RI� GU\� DLU� P��� DFFHOHUDWLRQ� RI� WKH� HDUWK�JUDYLW\� J DQG�%ROW]PDQ� FRQVWDQW� N�� K ± LV� WKH� KHLJKW� DERYH� WKH� VHD� OHYHO� >NP@�� JR  � �������� P�VHF� DW�ODWLWXGH�M ��R��M �R� DW�HTXDWRU��7KH�UDWLR��P��N LV HTXDO�WR��JDV��FRQVWDQW��5 ���������� >HUJ�J��.��@��)RU�UDWLR�JRP��N RQH�PD\�REWDLQ�JRP��N ������.�NP��6R�7[ LV�HTXDO�WR�J�JRP��N��JR  �������J�JR .�NP��7KXV��7[ LV�VORZ�FKDQJLQJ�IXQFWLRQ�RI�KHLJKW�DQG�KDV�SK\VLFDO�VHQVH�RI�WKH�YHUWLFDO� WHPSHUDWXUH� JUDGLHQW�� (TXDWLRQ� ������� JLYHV� FRQQHFWLRQ� EHWZHHQ� WKH� DWPRVSKHULF�SUHVVXUH��KXPLGLW\�DQG�WHPSHUDWXUH�YHUWLFDO�SURILOHV�7KH� WHPSHUDWXUH� T(h), pressure P(h), and water vapor pressure e(h) SURILOHV� DUH�FRQQHFWHG�ZLWK�UHIUDFWLYLW\�DOWLWXGH�GHSHQGHQFH�1�K��

1�K� ����3�������H�37��7������������������������������������������������������������������������
,W�PD\�EH�VKRZQ�XVLQJ����������������WKDW�FRQQHFWLRQ�H[LVWV�EHWZHHQ�WKH�YHUWLFDO�JUDGLHQWV�RI�WKH�WHPSHUDWXUH�DQG�UHIUDFWLYLW\�

E ��>1�K�@��G1�K��GK� 7
��G7
�GK��7[�7D������������������������������������������������������������������������ ������
7
 7�>������H��37�@������7D 7��������H�3�� ������

7KH�HTXDWLRQ��������FRQQHFWV�WKH�YHUWLFDO�JUDGLHQW�RI�ORJDULWKP�RI�WKH�UHIUDFWLYLW\�ZLWK�YHUWLFDO�JUDGLHQW�RI� ORJDULWKP�RI� WKH�HTXLYDOHQW� WHPSHUDWXUH�7
�K�� 7KH�ILUVW� WHUP�LQ�WKH�ULJKW�SDUW�RI�������� KDV� KLJK� OHYHO� RI� WKH� RVFLOODWLRQV� ZLWK� KHLJKW�� 7KH� VHFRQG� WHUP� LQ� ������� KDV� VORZ�YDULDWLRQV�DQG�PD\�EH�GHWHUPLQHG�IURP�NQRZQ�DYHUDJH�PHWHRURORJLFDO�FRQGLWLRQV�LQ�WKH�UDGLR�RFFXOWDWLRQ�UHJLRQ��7KH�LQIOXHQFH�RI�KXPLGLW\�RQ�WKH�VHFRQG�WHUP�LQ�HTXDWLRQ��������LV�VPDOOHU�E\� D� IDFWRU� a� ��� WKDQ� LQIOXHQFH� LQ� WKH� ILUVW� WHUP� LQ� HTXDWLRQ� �������� 7KXV� HTXDWLRQ� �������FRQWDLQV� VHSDUDWHO\� ³GU\´� DQG� ³ZHW´� WHUPV��7KLV�PD\�EH� XVHG� IRU� HYDOXDWLRQ� IHDWXUHV� LQ� WKH�KXPLGLW\� YHUWLFDO� SURILOH�� )RU� WKLV� DLP� VRPH� D� SULRU\� GDWD�PD\�EH� XVHG� RQ� WKH� DWPRVSKHULF�FRQGLWLRQV� LQ� WKH� UDGLR� RFFXOWDWLRQ UHJLRQ�� )URP� WKH� D� SULRU\� LQIRUPDWLRQ� D� PRGHO� RI� WKH�



��
WHPSHUDWXUH�YHUWLFDO�SURILOH�7P�K� PD\�EH�UHFRQVWUXFWHG�DQG�FRUUHVSRQGLQJ�UHIUDFWLYLW\�SURILOH�1�K� PD\�EH�IRXQG��7KHQ�WKH�DOWLWXGH�GHSHQGHQFH�EP�K� PD\�GHWHUPLQHG��7KH�IXQFWLRQ�EP�K�LV�FRQQHFWHG�ZLWK�ÄGU\³�WHPSHUDWXUH�PRGHO�7P�K� SURILOH�E\�HTXDWLRQ�

EP�K� �� >1P�K�@���G1P�K��GK�� �7P���K��G7P�K��GK���7[�7P�K�� ������
7KH�GLIIHUHQFH�RI� WKH�H[SHULPHQWDO�DQG�PRGHO�GHSHQGHQFLHV�E�K� DQG�EP�K� PD\�EH�XVHG�IRU�ILQGLQJ�KXPLGLW\�SURILOH�
E�K��EP�K� >1P�K�@���G1P�K��GK��>1�K�@���G1�K��GK� G>OQ7
�K��7P�K�@�GK�7[>7D���K��7P���K�@�������
7KH� IXQFWLRQ� E�K� FRQWDLQV� LPSRUWDQW� LQIRUPDWLRQ� RQ� WKH� KXPLGLW\� GLVWULEXWLRQ� LQ� WKH�DWPRVSKHUH��(TXDWLRQ��������PD\�EH�XVHG�IRU�UHYHDOLQJ�IHDWXUHV�LQ�WKH�KXPLGLW\�SURILOH�IURP�PHDVXULQJ�RI�WKH�DPSOLWXGH�RI�WKH�WZR�UDGLR�RFFXOWDWLRQ�VLJQDOV��7KH�FRQFUHWH�LPSOHPHQWDWLRQ�RI�WKLV�PHWKRG�LV�D�WDVN�IRU�IXWXUH�ZRUN�

&21&/86,21
7KH� FDUULHG� DQDO\VLV� RI� WKH� DPSOLWXGH� IOXFWXDWLRQV� DOORZHG� WR� UHYHDO� WKH� IHDWXUHV�SHUPLWWLQJ�WR�VWXG\�WKH�WXUEXOHQFH�RI� WKH�DWPRVSKHUH�IURP�WKH�VXUIDFH�XS�WR� WKH�DOWLWXGH�a���NP��7KH REVHUYDWLRQ�UHVXOWV�RI�VWDU�IOLFNHUV�DW�WKHLU�RFFXOWDWLRQ�E\�WKH�DWPRVSKHUH��REWDLQHG�RQ�WKH�VWDWLRQ�0,5�DQG�JLYHQ�LQ >$OHNVDQGURY�HW��DO���������*XUYLFK�DQG .DQ��������*UHFKNR�HW��DO�������@��KDYH�VKRZQ�WKH�HIILFLHQF\�RI�WKLV�PHWKRG�IRU�VWXG\LQJ�WKH�VWUDWRVSKHULF�WXUEXOHQFH�DW�WKH�DOWLWXGHV�RI����y ���NP��7KH�FRPSDULVRQ�RI�RXU�UDGLR�RFFXOWDWLRQ�GDWD�DQG�REVHUYDWLRQV�RI� VWDU� IOLFNHUV� >*XUYLFK� DQG� .DQ�� ����@�� LQGLFDWH� WR� WKH� DJUHHPHQW� RI� WKH� UHVXOWV� RI� D�WXUEXOHQFH� SDUDPHWHU� GHILQLWLRQ� LQ� WKH� ILHOG� RI� RYHUODSSLQJ� WKH� H[SHULPHQWDO� GDWD�� ,W� LV�QHFHVVDU\�WR�PDUN��WKDW�DWPRVSKHULF�LQKRPRJHQHLWLHV�DUH�DQLVRWURSLF��DQG�WKHLU�VHSDUDWLQJ�LQWR�FODVVLFDO�WXUEXOHQFH�DQG�DWPRVSKHULF�³OD\HULQJ´�LV�FRQGLWLRQDO��7KLV�GLIILFXOW\�LV�VKRZQ�DW�WKH�UDGLR�RFFXOWDWLRQ�PHDVXUHPHQW�RI� WKH�DWPRVSKHUH��ZKHUH� WKH�VHSDUDWLRQ�RI� WKH� ILHOG�VWUHQJWK�IOXFWXDWLRQV��FDXVHG�E\�WXUEXOHQFH��IURP�DPSOLWXGH�IDGLQJV�DQG�VSLNHV�EHFDXVH�RI WKLQ�UHJXODU�VWUDWXPV�LV�VXEMHFWLYH��7KH�DQDO\VLV�RI�ILHOG�VWUHQJWK�IOXFWXDWLRQV�RI�FHQWLPHWUH�UDGLR�ZDYHV�LQ�WKH�UDGLR�RFFXOWDWLRQ�H[SHULPHQWV�KDV�VKRZQ�WKH�SRVVLELOLW\�RI�VWXG\LQJ�VWDWLVWLFDO�LUUHJXODULWLHV�RI�WKH��UHIUDFWLYH�LQGH[� 7KXV�WKH�VSHFWUDO�LQGH[ S RI�D��VSDWLDO�VSHFWUXP�RI�LQKRPRJHQHLWLHV�LV�GHWHUPLQHG�IRU�WKH�KHLJKW�LQWHUYDO�IURP�����XS�WR����NP��,Q�WKH�WURSRVSKHUH��DW�DOWLWXGHV�ORZHU�



��
WKDQ� �� NP��S LV� FORVH� WR� WKH� YDOXH� ������ FRUUHVSRQGLQJ� WR� WKH�.ROPRJRURY� VSHFWUXP�RI� WKH�WXUEXOHQFH�LQ a����REVHUYDWLRQV��,Q�WKH�VWUDWRVSKHUH��DW�WKH�DOWLWXGHV�PRUH�WKDQ����NP��S ����LQ a����RI�FDVHV DQG�S|�����RQO\�LQ�����RI�REVHUYDWLRQV��7KXV WKH�H[SHFWHG�YDOXHV�RI�WKH�UPV�GHFLPHWUH�ZDYH�VFLQWLOODWLRQV�RQ�D�ERDUG�&+$03�ZLOO�UHDFK�IURP������XS�WR������DW�+� ��NP��IURP������XS�WR�����DW�+� ���NP��DQG�IURP������XS�WR������DW�+� ���NP��([SRQHQW�Q RI�VSHFWUXP�RI�WKH�ILHOG�VWUHQJWK�VFLQWLOODWLRQ�ZLOO�VDPH�DV�RQ� )LJ�� ���� RI�&KDSWHU� ��� 7KH� FKDUDFWHULVWLF� IUHTXHQF\� RI� DPSOLWXGH� IOXFWXDWLRQV ZLOO� WR�a��WLPHV�ORZHU�WKDQ�IRU�FHQWLPHWUH�UDQJH�DQG�LW�ZLOO�UHDFK�IURP���XS�WR���+]�LQ�GHSHQGHQFH�IURP�WKH� JHRPHWU\� RI� UDGLR� RFFXOWDWLRQ�� 7KH� DPSOLWXGH� PHDVXUHPHQWV� RQ� D� ERDUG� &+$03� ZLOO�DOORZ� WR� UHFHLYH� LQIRUPDWLRQ� DERXW� WXUEXOHQFH� RU� VWDELOLW\� RI� WKH� DWPRVSKHUH� IRU� WKH� KHLJKW�UDQJH�IURP���XS�WR����NP��7KH�GHWHUPLQDWLRQ�RI�DOWLWXGH�SURILOHV� IRU�GHQVLW\��SUHVVXUH��DQG�WHPSHUDWXUH�E\�UDGLR�RFFXOWDWLRQ� WHFKQLTXH� LV�EDVHG�RQ� WKH�LGHD�WKDW� WKH�UHIUDFWLYH� LQGH[�DOWLWXGH�GLVWULEXWLRQ�1�K�KDV� WKH� SURSHUW\� RI� ORFDO� VSKHULFDO� V\PPHWU\�� 5HIUDFWLYH� LQGH[� LQKRPRJHQHLWLHV� IRUP� D�UDQGRP� ILHOG� G1�K�� W� VXSHULPSRVHG� RQ� WKH� UHJXODU� IXQFWLRQ� 1�K�� ,W� LV� � UHIUDFWLYH� LQGH[�IOXFWXDWLRQV� WKDW� OLPLW� WKH� SRWHQWLDOO\� DWWDLQDEOH� DFFXUDF\� RI� GHWHUPLQLQJ� DWPRVSKHULF�SDUDPHWHUV�E\�WKH�UDGLR�RFFXOWDWLRQ�WHFKQLTXH��%\�WKH�SRWHQWLDOO\�DWWDLQDEOH�DFFXUDF\�ZH�PHDQ�WKH� OLPLW�RI�DFFXUDF\� VHW�E\�DWPRVSKHULF� LQKRPRJHQHLWLHV� LQ� WKH�DEVHQFH�RI�RWKHU�VRXUFHV�RI�HUURU�� 7KH� SRWHQWLDOO\� DWWDLQDEOH� DFFXUDF\� FDQ� EH� HVWLPDWHG� IURP� WKH� UDWLR� EHWZHHQ� WKH�IOXFWXDWLRQ� DQG� UHJXODU� FRPSRQHQWV� RI� IUHTXHQF\� FKDQJHV� GXH� WR� WKH� LQIOXHQFH� RI� WKH�DWPRVSKHUH��/HW�XV�FRPSDUH�VI ZLWK�UHJXODU�FKDQJHV�LQ�IUHTXHQF\��')��GXH�WR�WKH�DWPRVSKHUH��7R�WKLV�DLP��ZH�XVH�WKH�YDOXHV�RI��') IURP�><DNRYOHY�HW�DO�������E@��0RVW�DFFXUDWHO\��DOWLWXGH�SURILOHV� RI WKH� UHIUDFWLYH� LQGH[�� 1�K��� DQG�� FRQVHTXHQWO\�� RI� WHPSHUDWXUH� DUH� UHFRYHUHG� DW�DOWLWXGHV� RI� �� WR� ��� NP�� $W� K � �� NP�� DQ� DGGLWLRQDO� LQWHUIHUHQFH� FRPHV� IURP� DWPRVSKHULF�KXPLGLW\�� ZKHUHDV� DW� � K ! ��� NP�� WKH� QHW� HIIHFW� RI� IUHTXHQF\� FKDQJH� LV� WRR� VPDOO�� %\�FRPSDULQJ�VI ZLWK�') IRU�WKH�DOWLWXGH�UDQJH�K  ���WR����NP��ZH�ILQG�WKDW�VI�') | ��u ���� ��7KH� SRWHQWLDOO\� DWWDLQDEOH� DFFXUDF\� RI� WKH� UDGLR� RFFXOWDWLRQ� PHWKRG� FDQ� EH� HVWLPDWHG� E\�FRPSDULQJ�NQRZQ�GDWD�RQ�IOXFWXDWLRQV�RI�UHGXFHG�UHIUDFWLYH�LQGH[�G1 RI�UDGLR�ZDYHV�ZLWK�LWV�PHDQ�YDOXH� 1  ��Q ±���u �����$V�ZLOO�EH�UHFDOOHG��IOXFWXDWLRQV�RI�G1 HTXDO�WR�RQH�RU�WZR�1XQLWV�DUH�DOZD\V�SUHVHQW�DW�DOWLWXGHV�RI���RU���NP��7KH�PHDQ�UHGXFHG�UHIUDFWLYH�FRHIILFLHQW�IRU�WKHVH�DOWLWXGHV� LV�1  ����� WR�����1�XQLWV� +HQFH��G1�1 | �������,Q�RUGHU�RI�PDJQLWXGH�� WKLV�ILJXUH� LV� DERXW� WKH� VDPH� DV� WKH� UDGLR�VI�')��$W�K ! �� NP�� UHIUDFWLYH� LQGH[� IOXFWXDWLRQV� DUH�
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